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ABSTRACT 


Mechanical  property  data  for  Ti-6A1-4V,  Ti-8Al-lMo-lV  and  Ti-6Al-6v-2Sn  extruded 
shapes  in  annealed  tempers  were  obtained  at  test  temperatures  from  -110°F  to 
+800°F  to  provide  a  base  for  development  of  design  information  for  these 
materials.  Data  obtained  included  ultimate  tensile  strength,  tensile  yield 
strength,  compressive  yield  strength,  shear,  bearing,  impact  properties,  creep, 
stress-rupture,  fatigue,  and  fracture  toughness  characteristics. 

Separate  heats  of  material  in  each  of  the  three  alloys  were  obtained  from 
separate  suppliers.  Two  section  sizes  were  obtained  from  one  of  the  suppliers 
to  provide  information  on  size  effects .  Tests  conducted  provided  data  insofar 
as  practicable  within  the  scope  of  this  program  on  property  variations  and  on 
scatter. 

Results  of  testing  indicate  that  with  consideration  of  effect  of  temperatures 
used  in  extrusion  processing,  extrusions  may  be  utilized  in  the  same  manner 
as  titanium  materials  produced  by  other  methods  such  as  rolling  or  forging. 

Data  obtained  generally  indicate  that  extruded  material  may  be  expected  to 
have  not  only  the  cost  advantages  which  result  from  economy  of  shape  design, 
but  will  possess  advantages  in  delayed  fracture  characteristics  and  creep 
characteristics  when  compared  with  conventional  alpha-beta  processing  of 
rolled  or  forged  material. 

(Distribution  of  this  abstract  is  unlimited)  • 
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Section  I 


SUMMARY 


BACKGROUND 

Major  Increases  have  occurred  in  the  use  of  titanium  alloy  extruded  shapes  for 
aerospace  applications.  These  applications  include  sub-sonic  systems  operating 
in  conventional  environments  where  advantage  is  taken  of  titanium's  favorable 
strength  to  density  relationship  and  supersonic  vehicles  where  the  elevated 
temperature  strength  of  titanium  is  exploited. 

Today's  typical  titanium  extrusion  is  produced  using  billet  temperatures  such 
that  final  working  occurs  in  the  beta  field  with  the  result  that  the  metallur¬ 
gical  structure  differs  from  that  of  products  such  as  sheet  and  plate,  bar,  or 
forgings  where  final  processing  occurs  in  the  alpha-beta  field.  The  gross 
titanium  extrusion  produced,  while  producing  radical  savings  in  material  because 
of  closer  shape  approximation,  requires  overall  machining  since  tolerances  and 
surface  conditions  are  not  suitable  for  direct  application,  and  since  an  alpha 
case  on  the  extrusion  must  be  removed  to  provide  a  satisfactory  metallurgical 
surface. 

Since  the  bulk  of  the  present  published  data  on  properties  of  titanium  alloys 
has  been  determined  using  rolled  sheet  and  bar  material  or  using  forged  mate¬ 
rial  with  final  hot  working  occurring  below  the  beta  transus,  this  program  has 
been  established  to  provide  a  base  of  data  from  which  values  necessai  for 
reliable  design  can  be  established  when  analyzed  in  conjunction  with  data 
from  other  sources. 

MATERIALS 

Annealed  material  in  each  of  three  alloys,  Ti-6A1-4V,  Ti-8Al-lMo-lV  and 
Ti-6Al-6V-2Sn  was  obtained  from  two  vendors  for  analysis.  The  thin  tee  section. 
Figure  1,  was  supplied  by  both  vendors  to  provide  data  on  effect  of  heat  and 
source  on  test  results .  A  heavier  section.  Figure  2,  was  also  obtained  iu«  each 
alloy  from  one  of  the  vendors  in  order  to  probe  size  effect  on  annealed  extru¬ 
sions,  and  in  order  to  expand  the  data  base. 

TEST  OBJECTIVES 

Mechanical  property  tests  were  conducted  with  the  Ti-6A1-4V,  Ti-8Al-lMo-lV,  and 
Ti-6Al-6V-2Sn  extrusions  at  temperatures  ranging  from  -110°F  to  800°F.  Tests 
included  tensile  and  compressive  property  determinations,  shear  and  bearing, 
creep  and  stress  rupture,  fracture  and  delayed  failure  properties,  impact 
properties,  and  fatigue  characteristics. 


TEST  RESULTS 

Orientation  of  testing  and  analysis  of  data  has  been  directed  in  such  scanner 
as  to  define  relative  advantages  and  limitations  of  extruded  materials  in 
comparison  to  competitive  alternates .  Presentation  has  been  directed  toward 
development  of  M1L-RD3K-5  data  when  supplemented  by  data  from  other  sources. 

Room  temperature  tensile  and  compressive  properties  were  analyzed  to  establish 
that  properties  are  uniform  within  a  piece,  including  cross-section  location 
and  position  in  length.  Variations  between  vendors  could  not  be  evaluated 
on  a  meaningful  basis  within  scope  of  this  program,  but  can  be  determined  from 
vendor  test  statistics.  Present  specification  values  accepted  by  producers 
are  consistent  with  those  offered  for  other  product  forms  with  the  exceotion 
of  elongation  and  reduction  of  area. 

The  effect  of  temperature  on  properties  appeared  to  reflect  a  consistent 
relationship  between  vendors  and  heats. 

The  extruded  product,  with  its  beta  worked  structure  appears  to  offer  advan¬ 
tages  in  resistance  to  delayed  failure  (Figure  3),  and  in  resistance  tc  creep 
(Figure  4). 

Properties  of  the  alloys  followed  normal  patterns,  alloy  Ti-6Al-6V-2Sn  showing 
highest  strengths,  while  Ti-8Al-lMo-lV  possessed  best  toughness  and  the  highest 
tensile  modulus.  Comparative  typical  ultimate  tensile  strengths,  tensile  - 
yield  strengths  and  compressive  yield  strengths  are  shown  in  Figures  5,  6,  and 
7.  Ti-6Al-6V-2Sn  showed  lower  resistance  to  creep  at  elevated  temperatures 
than  the  other  alloys.  Comparative  resistance  to  creep  cf  the  three  materials 
under  rapid  heat-rapid  load  test  conditions  is  shown  in  Figures  8  and  9- 

Ti-6Al-6V~2Sn  provides  the  highest  level  of  strength  at  any  of  the  temperatures 
investigated.  As  an  annealed  product,  it  furnishes  strength  levels  comparable 
to  an  intermediate  level  of  Ti-6A1-4V  heat  treated  and  aged.  Ductility  and 
toughness  are  generally  considered  to  be  inferior  to  the  other  two  alloys, 

Ti  6A1-4Y  and  Ti-8Al-lMo-lV.  At  elevated  temperatures  Ti-6Al-6v-2Su  appears  more 
sensitive  to  creep  than  the  other  two  materials  but  none  appear  to  be  creep 
limited  at  anticipated  operating  temperatures.  Effect  of  elevated  temperature 
on  this  alloy  seems  less  severe  than  effect  on  the  other  two  alloys. 

Ti-8Al-lMo-lV  possesses  favorable  modulus  and  favorable  density  values.  Tough¬ 
ness  of  this  alloy  appears  excellent.  Delayed  failure  characteristics  of 
Ti.-8Al-lMo-lV  appear  unfavorable  however,  as  shown  in  Figure  3,  and  have 
limited  consideration  of  Ti-8Al-lMo-lV  for  applications  in  general  airframe  use. 
The  elevated  temperature  properties,  particularly  resistance  to  creep  in  hot 
areas,  indicate  possible  specialized  usages  particularly  suitable  to 
Ti-8ftl-lMo-lV. 

T1-6A1-4V  provides  a  good  combination  of  strength,  toughness  not  offered  by 
Ti-6Al-6V~28n  and  environmental  resistance.  These  qualities,  coupled  with  pro¬ 
duction  reliability  and  low  cost  tend  to  make  this  the  present  preferred  alloy 
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Figure  3.  Comparison  of  Topical  Fracture  Toughness  and  Delayed  Failure 
Characteristics  of  Ti-6A1-Uv,  Ti-8Al-lMo-lV  and  Ti-6Al-6V-2Sn 
Extrusions,  and  Topical  Forgings  and  Beu? 
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ilgure  4.  Comparative  Creep  Characterlatics  Sctrusions  and  ^r,  lypieal  Bata 
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Figure  5*  Comparison  of  Typical  Ultimate  Tensile  Strengths  of 
T1-6A1-4V,  Ti-8Ai-lMo-.1V  and  Ti-6Al-6V-2Sn  Extrusions 
at  Various  Temperatures 
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Figure  j.  Comparison  of  Typical  Tensile  Yield  Strengths  of 
Ti-6A1-4V,  Ti-8Al-lMo-lV  and  Ti-6Al-6V-2Sn 
Extrusions  at  Various  Temperatures 
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choice  except  for  instances  where  requirements  dictate  exploiting  the  special 
peculiarities  of  the  other  alloys. 

Within  overall  data  compilations,  the  fatigue  characteristics  of  the  three 
alloys  appear  comparable.  Figure  10  compares  typical  fatigue  characteristics 
at  various  lives. 


105  CYCLES  107  CYCLES  105  CYCLES  107  CYCLES 

R  =  -1.0  R  *  +0.01 

Figure  10.  Comparative  Maximum  Stresses  for  10^  and  107  Cycles  for 
T1-6A1-4V,  T1-8A1-1Mo-1V  and  Ti-6Al-6V-2Sn  Extrusions 
Typical  Values,  Boom  Temperature,  =  2,76 


Section  II 


MATERIAL 


BACKGROUKD 

Billet  tegtperatures  used  in  the  extrusion  of  titanium  alloy  shapes  are 
.ypically  above  the  beta  transus  of  the  material  -  at  temperatures  vhich 
result  in  a  metallurgical  structure  vhich  differs  markedly  from  that  of  other 
product  forms  such  as  sheet  and  plat  ,  rod  and  bar,  and  forgings  vhich  normally 
have  a  final  work  in  the  alpha-beta  ^eld.  Reduction  ratios  used  in  extrusion 
are  higher  than  those  vised  in  other  product  types,  and  cooling  in  air  occurs 
quite  rapidly.  Because  of  these,  and  other  basic  differences  in  the  manufac¬ 
turing  processes,  it  has  been  necessary  to  establish  material  properties 
specifically  for  titanium  extrusions. 

MATERIALS  PRODUCERS 

Material  for  testing  in  this  program  was  extruded  by  Harvey  Aluminum,  Torrance, 
California,  and  by  the  H.M.  Harper  Company,  Morton  Grove,  Illinois.  Harvey 
supplied  both  the  thin  extrusion.  Figure  1,  and  the  thick  extrusion.  Figure  2. 
Harper  supplied  material  in  the  thin  configuration  only.  Processing  procedures 
used  by  the  two  producers  were  similar,  except  Harper  utilised  hot  stretching 
as  a  standard  straightening  procedure,  while  Harvey  utilized  other  straight¬ 
ening  techniques. 

HEAT  TREATMEHTS 

Heat  treatments  used  in  these  evaluations  were  selected  to  be  generally  appli¬ 
cable  and  acceptable  in  aerospace  design,  offering  high  levels  of  fracture 
toughness  and  resistance  to  delayed  failure  in  salt  water. 

Since  the  present  program  was  designed  to  test  one  heat  treatment  type  only  in 
each  of  the  three  alloys,  annealed  tempers  were  selected  as  being  most  represen¬ 
tative  for  present  use. 

Annealing  temperatures  selected  correspond  with  the  standard  temperatures  shown 
for  the  alloys  in  MII.-H-8120C ,  and  in  other  standard  industry  documents.  The 
soaking  time  at  temperature  was  established  with  consideration  of  the  section 
thicknesses  involved.  Air  cooling  from  the  annealing  temperature  to  room 
temperature  was  used,  since  normally  toughness  characteristics  with  this 
processing  are  superior  to  those  obtained  with  slow  furnace  cooling  through 
part  of  the  temperature  range.  For  example,  an  extruded  shape  in  T1-6A1-4V  tested 
in  another  program  shoved  delayed  fracture  property  (STi)  of  46  ksi  for  air 
cooled  material  and  31  ksi  for  material  from  the  same  extrusion  annealed  and 
furnace  cooled  to  1000°P.  Straightening  after  annealing  was  restricted  to 
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avoid  any  residual  Bauschinger  effect.  Tine  and  temperature  relationships  are 
such  that  values  obtained  coordinate  closely  with  existing  producer  data.  Heat 
treatment  schedules  are  shown  below. 


HEAT  TREATMENT  SCHEDULE 


Application  of  data  from  this  program,  and  comparisons  made  with  other  data 
must  be  predicated  on  generally  comparable  heat  treatment  schedules. 

PROCESSING  DATA 

Material  from  Harvey  was  cast  as  a  24-inck  diameter  ingot  by  the  Consumable 
Electrode  Vacuum  Melt  process  by  the  Special  Metals  Division  of  Harvey  Aluminum. 
The  24- inch  ingot  was  forged  to  furnish  a  lathe  t tamed  six-inch  billet  diam¬ 
eter  for  the  thin  extrusion  (pieces  A,  B,  F,  G,  L,  M)  and  a  seven-inch  diam¬ 
eter  for  the  heavy  extrusion  (pieces  E,  K  and  R). 

Billet  used  by  Harper  for  the  Ti-6-4  extrusion  (pieces  C  and  D)  and  the 
Ti-6-6-2  extrusion  (pieces  N  and  P)  was  obtained  from  Reactive  Metals  Inc. 
Material  was  cast  as  a  30-inch  diameter  ingot  by  the  Consumable  Electrode 
Vacuum  Melt  process,  forged  to  approximate  billet  size  and  lathe-turned  to  the 
6  3/4-inch  diameter  used.  The  Ti- 8-1-1  billet  for  pieces  H  and  J  were 
obtained  from  Titanium  Metals  Corporation.  A  twenty-eight-inch  CEVM  billet 
was  forged  and  supplied  lathe-turned  to  6  3/4-inch  round. 

Chemical  composition  of  the  material  used  is  shown  in  Table  I. 

Extrusions  from  Harvey  Aluminum  were  produced  on  a  Loewy  3850  ton  horizontal 
extrusion  press.  Extrusions  from  H.  M.  Harper  were  produced  on  a  Loewy  1650 
ton  horizontal  extrusion  press,  modified  to  provide  approximately  1800  tons  of 
pressure.  Details  of  processing  are  shown  in  Table  II. 

Straightening  by  Harvey  was  performed  before  the  annealing  operation.  Harper 
produced  material  was  straightened  by  a  hot  stretch  aiter  the  anneal.  Temper¬ 
atures  for  hot  straightening  at  Harper  were  monitored  by  thermocouples 
attached  to  the  length  being  straightened.  To  avoid  warpage,  parts  were 
cooled  in  the  stretcher  with  a  low  stress  level  held  and  automatically  moni¬ 
tored.  The  two  variations  outlined  represent  the  two  common  practices  being 
followed  in  extrusion  production.  With  proper  control  of  straightening  tem¬ 
perature  ,  amount  of  stretch,  and  control  of  relief  of  strain  daring  cooling 
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no  significant  difference  appeared  in  end  results  when  hot  straightening  after 
anneal  was  compered  with  the  final  operation  being  the  anneal  cycle. 

NETALLOCBATHIC  CONTROL 

Two  transverse  sections  were  examined  for  each  of  the  five  lengths  of  extrusion 
in  each  of  the  three  alloys.  Specimen  location  was  at  the  end  inch  of  each 
piece. 

In  general,  macrostructures  exhibited  end  grain,  with  little  evidence  of  grain 
flow.  Those  lines  which  occurred  followed  the  contour  of  the  section.  Grain 
size  appeared  largest  at  the  center  or  junction  of  the  tee,  and  was  finer  in 
the  leg  &reas.  The  thinner  leg  of  the  unequal  thickness  tee  showed  smaller 
grains  than  in  heavier  areas,  as  would  be  expected  from  the  degree  of  work 
during  extrusion. 

Microstructures  of  the  extrusions  are  considered  to  be  characteristic  of  those 
of  titanium  allays  extruded  above  the  beta  tranaus  temperature. 

T^rpieal  photomicrographs  and  photomicrographs  for  Ti-6Al~4v  are  shown  in 
Figure  11,  for  TI-8AI-IM0-IV  in  Figure  22  ana  for  il-6Al-6V-2Sn  in  Figure  13- 
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Microstructure,  Junction  (200x)  Microstructure,  Cap  Tip  (200x) 

Figure  1L.  Topical  Mncrostructure  and  Microstructure 
of  T1-6A1-4V  Extrusion 
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Macrostructure  (l-l/2x) 


Microstructure,  Junction  (200x) 


Microstructure,  Cap  Tip  '200x) 


Figure  12.  Topical  Macrostructure  and  Microstructure 
of  Ti-8Al-lMo-lV  Extrusion 
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Action  III 


MATERIAL  property  test  procedures 


TENSILE  TESTS 

The  specimens  used  in  the  tensile  ~est8  are  shown  in  Figures  14  and  15.  The 
standard  1-inch  gage  length  flat  specimen  was  used  to  test,  the  small  extrusions*! 
the  standard  1-inch  gage  length  round  specimen  was  used  to  test  the  large 
extrusions.  The  tests  were  conducted  in  5.  50,  and  120  Kip  Baldwin  universal 
test  machines,  in  accordance  with  the  requirements  of  FED-STD-151.  A  strain 
rate  of  0.005  in/ in/® in  wes  used  through  the  proportional  limio  of  the  material. 
Class  B  extensemeters  were  used  in  conjunction  with  standard  autographic 
readout  equipment  to  provide  partial  or  full  length  load- strain  curves. 

COMPRESSION  TESTS 

The  Lockheed  standard  X-6720-8  specimen  used  in  the  compression  tests  is  shown 
in  Figure  16.  The  tests  were  conducted  in  5,  50,  and  120  Kip  Baldwin  universal 
test  machines  at  a  strain  rate  of  0.005  in/in/min  through  the  proportional 
limit  of  the  material.  Class  B  extensomerers  were  used  in  conjunction  with 
standard  autographic  readout  equipment  to  provide  load-strain  curves. 

TENSION  AND  COMPRESSION  MODULUS  OF  ELASTICITY 

The  tension  and  compression  modulus  of  elasticity  tests  were  conducted  on  the 
specimens  shown  in  Figures  15  and  16  In  a  Research  Inc.  100  Kip  closed  loop 
servo-hydraulic  materials  testing  system.  The  precision  strain  data  for  modu¬ 
lus  determination  were  obtained  using  Tucker&en  optical  strain  gages.  Each 
specimen  was  loaded  in  a  minimum  of  live  equal  load  increments  to  a  maximum 
stress  that  was  below  50  percent  of  the  nominal  yield  strength  of  the  material. 
A  Tuckerman  gage  was  attached  to  each  side  of  the  specimen,  and  the  strain  was 
recorded  for  each  gage  at  each  load  increment.  The  strain  readings  were  plot¬ 
ted  on  graph  paper,  sad  a  straight  line  between  the  points  was  drawn  to  pro¬ 
vide  a  slope  value  for  determination  of  the  modulus  value  for  each  gag-'.  If 
the  modulus  values  for  the  two  gages  varied  less  than  two  percent,  the  average 
of  the  two  values  was  reported  as  the  modulus  of  elasticity  for  the  specimen. 

If  the  two  values  varied  by  more  than  two  percent,  the  specimen  was  retested 
using  the  seise  procedure  'until  th®  results  obtained  varied  by  less  than  two 
percent . 

SHEAR  TESTS 

wwmwmiimwWii  tma 

The  specimen  used  in  the  shear  tests  is  shown  in  Figure  17.  Double  shear  type 
tests  were  conducted  in  m  120  Kip  Baldwin  universal  test  machine  using  stand- 
sard  clevis  and  tongue  fixtures,  Th®  load  was  applied  at  u  rate  which  corre¬ 
sponded  to  a  head  deflection  rate  of  0d  inefe/mia;  only  the  ultimate  load  was 
recorded. 
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Figure  l4 .  Round  Tensile  Specimen 
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Figure  15 .  Flat  Tensile  Specimen 


Figure  lb.  Cotapression  Specimen 
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Misalignment  of  some  of  the  specimens  in  the  fixt'ires  resulted  in  certain 
failures  occurring  through  single  shear  after  extensive  bending  had  taken  place, 
The  single  shear  values  were  lover  than  the  double  shear  values  for  comparaDle 
specimens  and  were  considered  invalid.  Data  pevtetns  establishing  other  test 
points  were  considered  sufficiently  significant ,  i.ove'rer,  that  duplicate  test¬ 
ing  v&s  not  considered  to  be  required. 

BEARING  TESTS 

The  bearing  tests  (e/D  =  2)  were  conducted  on  the  specimen  ,>bown  in  Figure  18. 
The  bearing  hole  was  drilled  and  reamed  to  within  ore~\huut,*t.<ith  of  an  inch  of 
the  diameter  of  the  hardened  steel  loading  pin.  The*  teMfr  vere  conducted  in  a 
120  Kip  Baldwin  universal  test  machine  at  a  rate  '•orrecpc-iaiiig  a  teBt  head 
movement  rate  of  0.008  in/min  through  the  yield  point  of  the  metei'ial.  A 
lead-strain  curve  was  obtained  for  each  specimen  by  means  of  a  Class  3  exten- 
soneter  in  conjunction  with  standard  autographic  readout  equipment.  ‘He  yield 
strength  was  calculated  by  using  the  load  at  which  the  recorded  permanent 
deformation,  using  the  offset  method,  A  was  equivalent  to  2  percent  of  the 
hcil-j  diftimeter. 

Far  \he  e/D  *  1.5  tests,  the  bearing  specimen  was  modified  so  that  the  edge 
distance  was  reduced  from  0.750  to  0.562  inch.  The  test  procedure  remained  the 
same. 

TEMPERATURE  EFFECT  TEST  PROCEDURES 

The  te3t  procedures  for  the  tension,  compression,  shear,  and  bearing  tests  were 
essentially  the  same  for  each  test  temperature  between  -110°  and  800°F.  The 
-110°F  tests  were  conducted  in  a  gaseous  CO2  test  chamber;  the  elevated  tem¬ 
perature  tests  were  conducted  in  a  circulating  air  furnace.  The  specimens 
were  held  at  the  test  temperature  for  20  minutes  before  testing.  Both  the  test 
chamber  and  the  specimen  were  monitored  by  thermocouples,  and  the  test  temper¬ 
ature  of  the  specimen  was  maintained  at  the  specified  level  +  5°P. 

CREEP  AND  STRESS  RUPTURE  TESTS 

Standard  creep  and  stress  rupture  tests  vere  conducted  on  the  specimen  shovn  in 
Figure  19  at  1*00.  600  and  800°F  in  accordance  with  ASTM  Specification  E-139* 

The  testB  were  conducted  in  6  or  12  Kip  Satec  creep  machines.  A  thermocouple 
was  et .'■.ached  to  sach  end  of  the  specimen  gage  length  and  a  temperature-time 
plot  we.6  recorded  throughout  the  test.  A  LW)T  ext ensometer  was  used  to  con¬ 
tinuously  record  a  time-swain  plot. 

,'fter  Ini  Mai  probes,  stress  ruptur  ?  tests  vert.  &J  seo.it  irued  if  rupture  did  not 
occur  within  a  time  of  at  least  100  hours,  Tire  orsep  tests  were  discontinued 
after  1000  hours,  or  in  seme  cases  after  a  short., -r  period  of  time  if  the  speci¬ 
mens  were  not  under  going  creep  deformation. 


Because  of  the  apparent  resistance  of  the  extruded  metallurg , 
creep  deformation,  a  portion  of  the  testing  was  re-directed  1 
heating-rapid  loading  creep  could  be  probed. 


,  fucture  to 
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The  short  time  creep  tests  were  conducted  at  600°F  and  &00°P  on  the  remainder 
of  the  specimens  under  conditions  of  rapid  heating.  The  tests  wore  conducted 
in  accordance  with  A5TM  Specification  E-150  using  loading  condition  (1).  Tests 
were  conducted  in  a  Research  Incorporated  100  Kip  test  machine  using  the  self- 
resigtance  method  of  heating.  The  specimen  was  heated  to  the  test  temperature 
+  10°F  in  60  seconds  and  held  at  the  nominal  test  temperature  for  60  seconds 
prior  to  application  of  the  load.  The  temperature  was  monitored  by  thermo¬ 
couples  attached  to  the  ends  of  the  specimen  gage  length. 

Hie  load  was  applied  at  a  uniform  rate  within  5  +  2  seconds  from  the  time  of 
start  of  loading.  Strain  measurements  were  obtained  using  a  Class  B  extensom- 
eter.  Strain  vns  recorded  from  the  start  of  heating  of  the  specimen  until  the 
specimen  was  unloaded. 


CHARPY  IMPACT  TESTS- 

The  standard  Charpy  V-notched  specimen  shown  in  Figure  20  was  used  to  test  the 
large  extrusions;  the  modified  specimen  shown  in  Figure  21  was  used  to  test  the 
small  extrusions.  The  tests  were  conducted  at  -110,  72,  110,  and  h0Q°F  in 
accordance  with  Method  221.1  of  Federal  Test  Method  Standard  Ho.  151. 

PLANE-STRAIN  FRACTURE  TOUGHNESS 

Edge  cracked,  four  point  loaded  constant  moment  bend  specimens  were  used  for 
the  fracture  toughness  tests.  The  1-inch  wide  specimen  shewn  in  Figure  22  wa3 
used  to  test  the  large  extrusions;  the  1/2- inch  wide  specimen  shown  in  Figure  23 
was  used  to  test  the  small  extrusions.  A  fatigue  crack  w&t  generated  at  the 
base  of  the  machined  vee  notch  by  repeated  tension-tension  loading  in  four 
point  bending.  The  ratio  of  minimum  to  maximum  .load  was  0.1;  the  maximum 
nominal  bending  stress  level  vised  was  less  than  50  percent  of  the  tensile  yield 
strength  of  the  material.  The  total  crack  depth  ( "vee”  notch  plus  fatigue 
crack)  was  nominally  20  percent  of  the  specimen  width. 

The  pre-cracked  specimens  were  loaded  to  failure  in  the  100  Xip  test  machine  at 
e  rate  equivalent  to  a  strain  rate  cf  0.005  in/in/min.  A  model  PD-1M  deflectom- 
eter  was  used  to  obtain  am  autographic  curve  cf  load  vs.  test  head  movement. 

The  "pop-in”  load  (point  of  initial  crack  instability)  was  obtained  from  the 
curve,  and  the  crack  depth  was  measured  on  the  specimen  fracture  surface. 

These  values  were  used  in  the  following  equation  wo  obtain  the  plane-strain 
fracture  toughness  value  JCjc  (the  critical  stress-intensity  factor  associated 
with  initiation  of  unstable  plane-strain  fracturing).  The  units  for  the  Re¬ 
value  are  Xsi  win.  c 
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£  =  Specimen  thickness  (Inches) 

W  *  Specimen  width  (inches) 

a  *  Crack  depth  in  the  center  of  the  specimen  thickness  (Inches) 

(notch  plus  fatigue  crack)  * 

(x  *  Poisson's  ratio  =  0.3 

The  -110°F  fracture  toughness  tests  were  conducted  in  a  C0p  gas  chamber.  The 
specimens  were  held  at  the  test  temperature  for  30  minutes  Def ore  testing. 

Both  the  test  chamber  and  the  specimen  were  monitored  by  thermocouples,  and 
the  test  temperature  of  the  specimen  was  maintained  at  -110  +  5  F.  The  area  of 
the  crack  was  covered  with  plastic  tape  to  prevent  contamination  by  moisture. 

DELAYED  FAILURE  TESTS 

The  delayed  failure  tests  were  conducted  on  the  pre-cracked  fracture  toughness 
specimens  previously  described.  A  transparent  plastic  strip  was  taped  to  each 
side  of  the  specimen  in  the  area  of  the  crack.  A  sodium  chloride  solution 
(3  1/2  percent  by  weight  sodium  chloride  in  distilled  water)  was  added  to  the 
container  prior  to  load  application  so  that  the  entire  crack  was  covered.  The 
top  of  the  container  was  left  open  to  the  air;  if  evaporation  occurred  the 
container  was  refilled  with  distilled  water.  The  level  of  the  solution  was 
kept  nearly  constant  throughout  the  tests. 

* 

The  specimens  were  stressed  at  a  rate  equivalent  to  a  strain  rate  of  0.005 
in/in/min  to  a  predetermined  sustained  load  level  which  was  fifty  percent  of 
the  ultimate  load  for  the  fracture  toughness  specimens  from  the  same  test  * 

group.  The  1/2-inch  wide  spec:'  ens  were  tested  in  a  Research  Incorporated 
100  Kip  test  machine;  the  1-inch  wide  specimens  were  tested  in  Lockheed- 
designed  hydraulic  test  machines.  If  a  test  specimen  did  not  fail  during  a 
specified  time  at  the  sustained  ,  ad  level,  it  was  loaded  to  failure .  Addi¬ 
tional  specimens  from  the  same  tost  group  were  loaded  to  higher  (or  lower)  load 
levels  until  a  threshold  level  at  which  failure  did  not  occur  was  determined. 

The  sustained  load  level  for  each  specimen  is  substituted  for  !!P"  in  the  equa¬ 
tion  for  "Kjc "  to  obtain  the  sustained  load  plane-strain  stress  intensity  value 
which  is  designated  as  and  which  also  has  units  of  Ksi  \Zio. 

At  least  one  specimen  from  each  test  group  was  held  at  the  threshold  level  for 
100  hours.  It  should  be  pointed  out  that  because  of  the  scatter  in  the  test 
results,  the  threshold  level  is  defined  as  the  highest  Kj^  level  at  which  a 
specimen  held,  and  below  which  no  specimen  from  the  test  group  failed.  There 
are  usually  specimens  in  any  test  group  which  do  not  fail  at  levels  above  the 
threshold  value,  but  additional  specimens  from  the  same  group  will  fail  at 
the  same  level.  The  range  of  the  scatter  in  the  values  for  titanium  alloy 
specimens  is  often  as  much  as  10  Ksi  y/in.  units. 

S-H  FATIGUE  TESTS 

The  smooth  (&t  =  l)  and  center  notched  (K^  =  2.7)  fatigue  specimens  that  were  * 

used  are  shown  in  Figures  2k  and  25.  The  tests  were  conducted  in  Lockheed 
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designed  constant  amplitude  fatigue  test  machines  at  stress  ratios  (A)  of  a>, 
O.98  and  O.k.  The  specimens  were  tested  until  failure  occurred  or  until  10? 
cycles  had  elapsed. 

Elevated  temperature  fatigue  tests  were  conducted  in  radiant  heat  furnaces.  Th- 
specimen  test  temperature  was  monitored  by  a  thermocouple  and  was  maintained  at 
the  desired  level  +  5°F.  The  specimens  were  held  at  the  desired  level  for  10 
minutes  before  testing.  Tests  were  conducted  at  1800  cycles  per  minute. 


Section  IV 


DISCUSSION  OF  RESULTS 


BASIS  FOR  EVALUATION 


It  is  conai&erea  that  this  program  has  developed  either  two  or  three  data  points 
to  be  used  in  conjunction  with  material  from  other  sources  to  establish 
MIL-HDRK-5  values  for  titanium  extrusions  (the  number  of  data  points  depends  on 
the  mixture  of  tests  and  material  source). 

Reliability  and  uniformity  of  properties  within  the  individual  piece  were 
established  by  room  temperature  testing.  Having  obtained  this  verification, 
vendor  data  can  be  used  with  confidence  to  establish  room  temperature  specifi¬ 
cations  or  A  and  B  design  values  for  longitudinal  tensile  properties.  Trans¬ 
verse  property  data  and  compressive  property  data  are  available  in  depth  from 
extrusion  producers  so  that  statistical  values  may  be  obtained  by  direct 
methods,  or  by  indirect  methods  with  a  broad  statistical  base. 

Effect  of  temperature  on  properties,  and  properties  for  which  design  values 
are  normally  obtained  by  derivation  have  been  analyzed  to  determine  that  mate¬ 
rial  performance  was  consistent  between  vendor,  heat,  and  size.  These  relation¬ 
ships,  in  turn,  were  reviewed  in  relation  to  published  data  on  other  product 
forms  to  establish  if  the  limited  information  appeared  to  be  part  of  tne  same 
statistical  data  population,  or  if  significant  differences  appeared. 

UNIFORMITY  OF  PROPERTIES 

Properties  throughout  all  pieces  in  each  of  the  three  alloys  tested  were  con¬ 
sidered  to  be  uniform,  well  within  the  variations  normally  expected  from 
extruded  material.  In  the  combination  of  length,  test  direction,  and  cross 
section  location  within  one  piece  the  indicated  variation  in  Ti-6A1-4V  tensile 
ultimate  strength  (TUS)  was  under  4$,  and  variation  in  TYS  less  than  J.n 
alloys  Ti-6Al-6V-2Sn  and  Ii-8Al-lMo-lV,  the  variation  within  any  one  piece  was 
under  $%  in  TUS  and  under  Q%  in  TYS,  Variation  in  properties  between  pieces, 
with  location  in  cross  section  grain  direction,  and  length  is  shown  in  Tables 
III,  IV,  and  V,  and  in  Figures  26,  27,  and  28. 

No  effect  of  extrusion  direction  is  apparent  from  these  and  other  tests. 

Section  location  has  a  random  effect,  and  does  not  appear  to  follow  a  pattern 
on  annealed  material.  Processing  controls  to  avoid  possible  degradetion  of 
properties  because  of  work  effects  would  allow  design  in  the  transverse  direc¬ 
tion  to  parallel  design  in  the  longitudinal  direction.  The  same  principle 
could  also  apply  in  control  teats. 
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Figure  26.  Comparison  of  Variation  in  TUS  and  TYS  with  Location  in  Cross 
Section  in  Length  and  Between  Vendors,  Sections,  and  Heat 
Ti-oAl-4v  Extrusions 
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Note:  Specimen  locations  in  cross  section  are  shown  in  Figures  88  and 
89.  Longitudinal  locations  of  specimens  far  pieces  F  and  H  are  shown 
in  Figure  90  for  piece  K  in  Figure  94  (specimens  Ml  thru  M10). 
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Comparison  of  Variation  in  TUS  and  ITS  with  Location  in  Cress 
Section,  in  Length  and  Between  Vendors,  Section  and  Heat 
Ti-8Al-lMo-lV  Extrusions 
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Figure  28.  Conperisoc  of  Variation  in  TUS  and  TYS  with  Xocaticc  in  Cross 
Section,  in  Length,  and  Between  Vendors,  Sections  and  Heat 
Ti-6Al-6V-2Sn  Extrusions 
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RELATIONSHIPS  BETWEEN  VENDORS 


Sufficient  data  points  do  not  exist  within  this  program  to  establish 
relationships  between  vendors,  except  as  related  to  a  single  test  point  only. 

The  relation  -  and  property  scatter  -  between  vendors  should  be  determined  from 

vendor  accumulated  property  data.  From  the  limited  points,  comments  are  as  » 

follows : 

Properties  of  theTi-6Al-4v  extrusions  supplied  by  the  two  vendors  were,  as 
shown  in  Figure  26,  quite  close.  Total  spread  between  values  was  less  than 
10^.  The  percentage  relation  on  temperature  effects  and  on  derived  properties 
such  as  shear  and  bearing  appeared  consistent.  Relation  of  teat  data  to  a 
normal  mill  property  distribution  may  be  obtained  by  comparison  with  Figure  29. 

Ti-6Al-6V-2Sn  extrusions  appeared  to  show  a  slightly  greater  margin  of  differ¬ 
ences  between  vendors,  possibly  based  on  production  background  in  the  alloy. 

Property  relationships  to  room  temperature  properties  were  consistent.  General 
relationships  are  shovn  in  Figure  28.  Typical  distribution  of  vendor  tests 
for  TUS  is  shown  in  Figure  30. 

Ti-8Al-lMo -IV  shoved  greater  differences  than  the  other  alloys.  The  discrepancy 
did  not  appear  at  room  temperature,  but  both  sub-zero  and  elevated  temperatures 
tests-seemed  to  indicate  a  change  in  temperature  effect.  Room  temperature 
relationships  axe  shown  in  Figure  27-  Figure  31  shows  a  typical  distribution 
of  TUS  test  results  based  on  vendor  data. 

▼ 

The  yield  strengths  shown  for  pieces  H  and  J  (Ti-8Al-lMo~lV)  and  for  pieces  N 
and  P  (Ti-6Al-6V-2Sn) are  lower  than  those  shown  for  the  alloys  in  Section  V. 

The  values  shown  as  design  minimums  are  at  present  consistently  being  achieved  ’ 

by  one  vendor  as  shown  by  Figures  30  and  31,  and  acre  presently  being  used  in 

design. 

MODULUS  OF  ELASTICITY 

Precision  modulus  determination  showed  typical  tensile  modulus  of  elasticity 
at  room  temperature  values  as  follows: 

Ti -8AI-IM0-IV  17.6  x  106  psi 

Ti-6A1-4V  16.9  x  106  psi 

Ti-6Al-6V-2Sn  16.1  x  106  psi 

Values  for  the  Ti-8Al-lMo -IV  agree  with  MIL-HDBK-5  values  for  other  product 
forms  of  this  alloy,  the  other  two  alloys  have  indicated  modulus  values  higher 
than  those  shown  for  other  product  forms  in  MIL-HDBK-5.  The  relationship 
between  alloys  is  in  accordance  with  the  expected  pattern. 

TEMPERATURE  EFFECTS  ON  TENSILE  AnP  COMPRESSIVE  PROPERTIES 

The  effect  of  temperature  on  tensile  properties  of  the  three  alloys  is  shown  in 
Figures  5  and  6,  and  effect  on  compression  yield  strength  in  Figure  7.  Tem¬ 
perature  effect  data  has  been  plotted  to  show  effect  as  percent  of  the  room  r 

temperature  property  value  and  is  presented  in  Section  V. 
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Ti“6Al-4v  Extrusions  (170  Tests) 
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Figure  30.  Typical  Distribution  of  Test  Results  Annealed 
Ti-6Al-6V-2Sn  Extrusions  (,60  Tests) 
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Figure  31 •  Typical  Distribution  of  Test  Results  Annealed 
Ti-8Al-lMo-LV  Extrusions  (40  Tests) 
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Two  comparison  points  at  each  temperature  (one  from  each  vendor)  were 
established  in  the  longitudinal  direction  and  one  data  point  at  each  tempera¬ 
ture  in  the  transverse  direction.  Temperature  effect  relationships  were 
consistent  between  vendors  and  grain  directions.  Tables  VI,  VII,  and  VIII 
indicate  these  trends. 

Sufficient  data  points  have  not  been  established  by  this  program  to  provide 
verification  of  the  depth  required  for  MIL-HDBK-5*  The  pattern  thus  far 
however  is  consistent  and  appears  to  indicate  that  the  reduction  in  properties 
at  elevated  temperature  is  in  excess  of  that  shown  in  MIL-HDBK-5  for  rther 
product  forms  of  these  alloys.  Comparison  of  temperature  effects  are  shown  in 
Figures  32  through  39,  inclusive. 

In  the  higher  temperatures ,  effects  on  Ti-6Al-6V-2Sn  appear  to  be  less  them  on 
the  other  alloys.  This  follows  trends  in  other  Lockheed  investigations  cover¬ 
ing  other  heat  treat  conditions,  ernd  follows  patterns  shown  in  MIL-HDBK-5  for 
other  products. 

BEARING 

Results  of  tests  for  ultimate  bearing  strength  and  for  bearing  yield  strength 
are  summarized  in  Tables  IX  and  X.  The  normal  pattern  of  reduced  strength  at 
elevated  temperature  is  followed,  with  alloys  maintaining  normal  strength 
relationships.  Effect  of  elevated  temperature  on  the  600°F  properties  of 
Ti-6Al-6V-2Sn  appears  to  be  less  than  that  of  the  other  alloys  -  corresponding 
to  the  trends  shown  in  properties  such  as  tensile  strength. 

Agreement  of  valuee  and  of  ratios  between  vendors  is  considered  normal  con¬ 
sidering  the  limited  number  of  data  points.  Ratios  of  ultimate  bearing  strength 
to  ultimate  strength,  and  of  bearing  yield  strength  to  tensile  yield  strength 
are  of  the  same  general  order  of  magnitude  as  those  given  in  MIL-HDBK-5  for 
other  product  forms.  Additional  data  points  are  required  to  define  ratio  and 
temperature  effects  more  precisely. 

SHEAR 

Results  of  tests  to  determine  ultimate  shear  strengths  are  summarized  in 
Table  XI. 

Values  obtained  agree  closely  between  vendors  and  between  grain  directions. 
Ratios  of  bearing  strength  to  ultimate  strength  closely  coincide  with  pub¬ 
lished  values  for  other  product  forms,  and  temperature  effect  curves  follow 
patterns  established  for  other  products. 

Ti-6Al-6V-2Sn again  shows  less  effect  on  properties  from  elevated  temperature 
than  that  shown  by  the  other  alloys. 

CREEP  AND  STRESS  RUPTURE 

Creep  and  stress  rupture  testing  was  initiated  in  accordance  with  the  contract 
test  schedule.  Because  of  the  resistant  characteristics  of  the  extruded 
product  form  to  creep,  the  program  wap  modified  to  provide  stress  rupture  data 
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TABLE  VII  EFFECT  OF  TEMPERATURE  ON  TENSILE  YIELD  STRENGTH 
OF  TITANIUM  ALLOY  EXTRUSION 


Alloy 


T1-6A1-4V 

Ti-8Al-lMo-lV 

Ti-6Al-6V-2Sn 


Piece 


A 


Test 

Direction 


Percent  of  Room  Temperature  Strength 


-110F 


RT 

UOOF 

6oof 

800F 

100 

mm 

6l 

58 

100 

59 

57 

100 

1 

62 

57 

100 

72 

65 

58 

100 

72 

58 

53 

100 

73 

65 

58 

100 

72 

69 

62 

100 

78 

69 

66 

100 

76 

69 

6k 

. 

TABLE  VIII  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  OF  TITANIUM  ALLOY  EXTRUSIONS 


Alloy 

Piece 

Test 

Direction 

Percent 

-110F 

RT 

4  OOF 

600F 

800F 

Ti-6Al-4v 

L 

125 

100 

67 

57 

56 

L 

123 

100 

70 

59 

55 

T 

125 

100 

69 

59 

56 

Ti-8Al-lMo-lV 

F 

L 

125 

100 

72 

6o 

57 

H 

L 

124 

100 

70 

59 

54 

F 

T 

125 

100 

71 

6l 

56 

Ti-6Al-6V-2Sn 

L 

L 

127 

100 

74 

67 

62 

N 

L 

124 

100 

74 

68 

64 

L 

T 

127 

100 

74 

67 

63 

only  at  400°F,  to  provide  both  limited  creep  and  stress-rupture  data  at  600°F 
and  to  provide  a  limited  probe  at  800°F  creep  characteristics.  In  addition,  a 
probe  was  made  of  creep  under  conditions  of  rapid  heating  and  loading  such  as 
might  occur  under  over  ride  conditions.  General  airframe  parameters  were 
considered  rather  than  such  specialized  applications  as  engines  where  extensive 
special  creep  investigations  would  be  conducted. 

400°F  CHARACTERISTICS 

Tests  indicated  that  creep  at  400°  should  not  be  considered  to  be  significant 
in  general  airfreme  design.  In  order  to  produce  0.1  percent  strain  in  1000 
hours „  T1-6A1-4V  and  Ti-8Al-lMo-lV  specimens  were  loaded  to  approximately  95 
percent  of  the  ultimate  strength  at  temperature,  a  level  twenty  to  thirty 
percent  above  yield.  The  same  level  of  stress  produced  0.2  percent  combined 
creep  and  strain  deformation  in  Ti-6Al-6V-2Sn. 

Stress  Rupture  at  U00F  is  considered  to  be  coincident  with  the  ultimate  tensile 
strengzh.  Tests  within  a  nominal  2  ksi  of  the  ultimate  tensile  strength  at 
temperature  failed  on  loading  or  showed  no  failure  at  one  week  exposure.  Since 
stress  rupture  characteristics  were  directed  toward  use  in  construction  of 
fatigue  diagrams  the  stress  rupture  curve  was  considered  to  coincide  with  the 
tensile  strength  within  test  limits. 

600°F  CHARACTERISTICS 

Stress-rupture  and  nominal  ultimate  tensile  strength  at  temperature  were  con¬ 
sidered  to  be  coincident.  Ti-6A1-4V  and  Ti-6Al-6V-2Sn  specimens  loaded  within 
2  ksi  of  ultimate  strength  at  *-mperature  did  not  fail  in  1000  hours  of 
exposure.  Tests  of  the  Ti-8AI~lMo-lV  at  the  same  relative  load  were  discon¬ 
tinued  at  approximately  650  hours  without  failure. 

Creep  in  Ti-8Al-lMo-lV  and  in  T3-*>A1-4v  did  not  appear  significant  at  the  600°F 
yield  stress.  Tests  of  Ti-8Ai-lMo-lv  at  yield  strength  indicate  less  than 
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Figure  33 •  Comparison  of  the  Effect,  of  Temperature  on  the  Tensile 
Yield  Strength  (F,  )  of  Annealed  Ti-6A1-4V  Extrusion 
and  Ti-6A1-4V  Shee£  and  Bar 
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Figure  34.  Comparison  of  the  Effect  of  ^temperature  on  the  Compress! 

Yield  Strength  (F  )  of  Annealed  Ti-6A1-4V  Extrusion  and 
T1-6A1-4V  Sheet  ^  and  Bar 
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Figure  35.  Comparison  of  th 
Tensile  Strength 
Extrusion  and  Ti 
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TEMPERATURE  (°F) 

Figure  36.  Comparison  of  the  Effect  of  Temperature  on  the  Tensile 
Yield  Strength  of  Annealed  Ti-BAl-lMo-lV  Extrusion  and 
Ti-8Al-lMo-lV  Sheet 
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Figure  37-  Comparison  of  the  Effect  of  Temperature  on  the  Com¬ 
pressive  Yield  Strength  (FCy)  of  Annealed  Ti-8Al-lMo-lV 
Extrusion  and  Ti-8Al-lMo-lV  Sheet 
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Figure  38.  Comparison  of  the  Effect  of  Temperature  on  the  Ultimate 

Tensile  Strength  (F^u)  of  Annealed  Ti-6Al-6V-2Sn  Extrusions 
and  Ti-6Al-6V-2Sn  Forgings 
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PERCENT  OF  F.  AT  ROOM  TEMPERATURE 
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Figure  39«  Comparison  of  Effect  >f  Temperature  on  the  Tensile  Yield 
Strength  (Fty)  of  Annealed  Ti-6Al-6V-2Sn  Extrusions  and 
Ti-6Al-6V-2Sn  Forgings 
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TABLE  IX  ULTIMATE  BEARING  STRENGTHS  OF 
TITANIUM  EXTRUSIONS  /\ 


Description 

Ultimate  Bearing  Strength 
at  Temperature,  Ksi 

Percent  1 
TUS  at  R' 

Alloy 

Piece 

l - 

Direction 

e/D 

-110F 

RT 

4oof 

600F 

T1-6A1-4V 

A 

L 

2.0 

330 

295 

210 

201 

208 

C 

L 

2.0 

276 

228 

204 

189 

A 

T 

2.0 

301 

225 

212 

C 

T 

2.0 

296 

203 

A 

L 

1.5 

244 

172 

C 

L 

1.5 

247 

169 

Ti-8Al-lMo-lV 

F 

L 

2.0 

323 

292 

220 

192 

210 

H 

L 

2.0 

270 

215 

191 

200 

F 

T 

2.0 

291 

222 

211 

H 

T 

2.0 

323 

243 

A  Average  of  three  tests 
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TABLE  XI  SHEAR  STRENGTH  OF  TITANIUM  ALLOY  EXTRUSIONS  A\ 


r - -  - -  ■ 

Description 

Shear  Strength  at 
Temperature,  hsi 

Percent  of 
TUS  at  RT 

Alloy 

Piece 

Direction 

RT 

UOOF 

600F 

T1-6A1-4V 

A 

L 

106 

92 

77 

70 

65 

C 

L 

91 

77 

70 

62 

A 

T 

92 

65 

C 

T 

92 

76.3 

63 

Ti-8Al-lMo-lV 

F 

L 

102 

91 

79 

69 

65 

H 

L 

8? 

A 

68 

64 

F 

T 

87 

63 

H 

T 

88 

75 

66 

Ti-6Al-6V-2Sn 

L 

L 

119 

101 

9Q 

81 

64 

N 

L 

101 

A 

83 

67 

L  • 

T 

102 

64 

N 

T 

100 

88 

66 

l\  Average  of  three  tests 


A  Results  not  tabulated  because  of  abnormal  bending 


0.1  percent  creep  is  1000  hours.  T1-6A1-4V  showed  0.1  percent  creep  in  1000 
hours  at  stress  levels  10  percent  above  yield.  Ti-oAl-6V~2Sn  showed  more 
susceptibility,  with  approximately  0.2  percent  creep  indicated  after  500  hours 
exposure,  and  approximately  0.4  percent  in  1000  hours. 

At  800°F  creep  becomes  significant  in  all  alloys.  As  at  all  other  tempera¬ 
tures,  Ti-8Al"lMo-lV  showed  the  highest  degree  of  resistance,  while' 
Ti-6Al-6V-2Sn  showed  most  susceptibility. 

Creep  tests  conducted  under  conditions  of  rapid  heating  and  rapid  loading 
result  in  higher  strains  than  those  produced  by  standard  creep  exposures, 
except  for  Ti-6Al-6V-2Sn.  Results  of  these  tests  would  indicate  the  desirabil¬ 
ity  of  further  testing  in  this  area  because  of  the  close  relationships  between 
this  type  test  and  occasional  extreme  exposure.  Relationships  between  creep 
under  conditions  of  rapid  heat  and  load  compared  with  creep  under  standard 
conditions  are  shown  in  Table  XU. 

Creep  data  are  susceptible  to  scatter  because  of  minor  variations  in  test 
procedure  and  considerable  scatter  is  shown  in  the  data  obtained  in  this  pro¬ 
gram.  This  does  not,  within  this  program,  affect  interpretation  of  results. 


Results  of  Charpy  impact  tests  indicate  generally  higher  values  for  transverse 
specimens  than  for  longitudinal  specimens  at  all  temperatures.  This  does  not 
seem  reflected  in  any  other  properties,  but  could  be  due  to  the  notch  occur- 


Alloy 


Stress 

(Ksi) 


Creep  Strain  in/in 


Standard  Creep 


30  min  I  60  min  1  hr  100  hr  I  500  hr 


Rapid  Heat  And  Load 


5  min 


Ti-6Al-4v  600F  71  0.0012  0.0017  0.0018 

79  0.0006  0.0022  0.0029  0.0006 


0.0027 


85  0.0007  0.0020  0.0030 


Ti-6Al-6V-2Sn|  600F  90 


0.0006  0.0009  0.0010 


800F  58  0.0004  0.0010  0.0012 

65  0.0005  0.0007  0.0007 

75  0.0004  0.0018  0.0028  0.0014  0.0183 


Ti-bAl-lMo-lV|  600F  8l  0.0004 


0.0006  0.0004  0.0005  0.0006 


800F  I  58  0.0002  0.0008  0.0010 

72  0.0003  0.0006  0.0007  0.0003  0.0028  0.005 

85  0.0008  0.0017  0.0020  0.0006  0.0046  0.008 


100  0.0004  0.0006  0.0006  0.0004  0.0016  j  0.0024 

112  0.0009  0.0018  0.0018  0.0006  0.0024 

800?  69  0.0008  0.0029  0.0048 

88  0.0015  0.0067  0.0105 

0.0059  0.0242  0.0428 
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ring  in  the  junction  area.  Impact  toughness  varies  inversely  with  alloy 
strength  as  expected.  The  tests  at  minus  110F  represent  specimens  machined 
and  tested  separately  from  other  specimens  and,  therefore,  are  considered  to 
represent  a  variable  in  test  rather  than  a  reversal  of  trend  in  impact  pro¬ 
perties.  Test  results  are  shown  in  Figures  40,  4l,  and  42. 

FRACTURE  TOUGHNESS  AMD  DELAYED  FAILURE 

Kj  fracture  toughness  values  at  -110°F  and  at  room  temperature,  along  with 
delayed  failure  characteristics  are  given  in  Table  XIII.  Values  obtained  in 
this  program  agree  within  expected  scatter  with  values  obtained  on  similar 
material  evaluated  as  part  of  recent  programs  at  Lockheed,  and  are  less  than 
scatter  observed  in  heavy  products  such  as  forgings.  Ti-8Al-lMo-lV  presents 
the  most  favorable  fracture  toughness  characteristics,  but  appears  to  have 
slightly  inferior  delayed  failure  characteristics.  Delayed  failure  of 
Ti-8Al-lMo-lV  extrusions,  air-cooled,  appear  to  be  superior  to  past  values 
obtained  using  furnace-cooled  materials  and  are  above  values  obtained  in  the 
past  on  annealed  bar  worked  in  the  alpha-beta  field. 

Figures  43,  44,  and  45  depict  delayed  failure  as  a  function  of  time. 

FATIGUE 

Results  of  the  fatigue  tests  on  the  three  titanium  alloys  tested  are  presented 
as  S/N  curves  in  Section  V.  Figure  numbers  of  curves  are  as  follows: 


Alloy 

A 

Temp 

Fig.  No 

T1-6A1-4V 

1.0 

0.98 

RT 

54 

2.76 

co, O.98, 0.4 

RT 

55 

2.76 

*,0.98,0.4 

400°F 

56 

2.76 

*,0.98.0.4 

600°F 

57 

Ti-8Al-lMo-lV 

1.0 

0.98 

RT 

66 

2.76 

*,0.98,0.4 

RT 

67 

2.76 

oo,0.98,0.4 

4oo°f 

68 

2.76 

*,0.98,0.4 

6oo°f 

69 

Ti-6Al-6V-2Sn 

1.0 

0.98 

RT 

78 

2.76 

a, 0.98, 0.4 

RT 

79 

2.76 

*,0.98,0.4 

4oo°f 

80 

2.76 

*,0.98,0.4 

600°F 

81 

Fatigue  characteristics  of  the  three  alloys  were  considered  to  be  similar  in 
the  same  scatter  band.  Values  were  intermediate  in  relation  to  those  seen  in 
previous  evaluations  of  extruded  products.  Values  appear  to  be  below  those 
shown  in  MIL-HDBK-5,  but  do  not  appear  to  be  below  typical  values  seen  in 
other  programs  on  heavy  sections  such  as  bar,  plate,  or  forgings. 

Material  from  one  vendor  tends  to  show  slightly  higher  fatigue  values  than  that 
of  the  other.  At  this  time,  this  is  considered  to  represent  random  scatter 
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TEMPERATURE  (°F) 

Figure  4l.  Charpy  Impact  Properties  of  Ti-8Al-lMc-IV  Extrusions 
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Figure  42.  Charpy  Impact  Properties  of  Ti-6Al-6V-2Sn  Extrusions 
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Figure  44.  Delayed  Failure  Characteristics  of  Ti-8Al-lMo-lV  Extrusions 
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Figure  ^5  •  Delayed  Failure  Characteristics  of  Ti-6Al-6V-cSn  extrusions 


TABLE  XIII  FRACTURE  TOUGHNESS  AND  DELAYED  FAILURE 
CHARACTERISTICS  OF  TITANIUM  ALLOY  EXTRUSIONS 


Section  V 

PRELIMINARY  DESIGN  INFORMATION 


Tentative  design  properties  for  extruded  titanium  alloys  Ti-6Al-4v, 
Ti-8Al-lMo-lV,  and  Ti-6Al-6V-2Sn  in  the  Annealed  tempers  are  presented  in  this 
Section.  Current  specifications  for  these  products  are  not  established  on  a 
government  nor  an  industry  basis*.  Design  properties  are  indicated  as  tenta¬ 
tive  until  such  time  as  sufficient  depth  of  data  (and  corresponding  modifica¬ 
tions)  to  meet  MIL-HDBK-5  standards  are  compiled  and  incorporated. 

T1-6A1-4V  TENTATIVE  DESIGN  PROPERTIES 

(l)  Tentative  room  temperature  design  mechanical  properties  are 
summarized  in  Table  XIV. 


(2)  Effect  of  temperature  on  ultimate  tensile  strength  at  temperature 
is  shown  in  Figure  46.  Effect  of  temperature  on  tensile  yield 
strength  is  shown  in  Figure  47.  Effect  of  temperature  on  compres¬ 
sive  yield  strength  is  shown  in  Figure  48.  Effect  of  temperature 
on  shear  and  on  bearing  properties  are  shown  in  Figures  49,  50, 
and  51. 

(3)  Stress-strain  curves  in  tension  and  compression  (typical  curves) 
are  shown  in  Figures  52  and  53. 

(4)  s/N  diagrams  showing  typical  room  temperature  and  elevated  tempera¬ 
ture  fatigue  characteristics  of  smooth  and  of  notched  specimens  are 
shown  in  Figures  54,  55,  56,  and  57,  modified  Goodman  diagrams  in 
Figures  58  and  59. 

(5)  Discussion  of  fracture  toughness,  and  of  delayed  failure  character¬ 
istics  is  included  in  Section  IV. 

(6)  Discussion  of  fracture  toughness,  and  of  delayed  failure  character¬ 
istics  is  included  in  Section  IV. 

TI-8AI-IM0-IV  TENTATIVE  DESIGN  PROPERTIES 

(l)  Tentative  room  temperature  design  mechanical  properties  are  sum¬ 
marized  in  Table  XV. 
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Stole  XIV  Tentative  Design  Mechanical  and  Physical  Properties 
of  Ti-6Al-4v  Titanium  Alloy  (Extrusions) 


Allpy  . 

Form  . . . * 

Condition  . . 

Silckness  or  diameter,  in* 
Basis  . 

Mechanical  properties: 

Ftu,  ksi  . 

L . * . 

IT . 

Fty>  ksi  . 

L . 

IT . 

Fey,  ksi  . . 

L . 

IT . 

Fsu,  ksi  . . 

Fbru>  ksi: 

(eft  -  1.5)  . 

(e/D  -  2.0)  . 

Fbiy,  ksi: 

(e/D  -  1.5)  . 

(e/D  -  2.0)  . 

e,  per  cent: 

In  2  in.  . . . 

In  k  D . 

B,  106jpsi . 

3.,  10&  psi  . 

G,  10O  pel  . 

. . 

Physical  properties: 

<u,  lto/in.3  . 

C,  Btu/(lb)(F)  . 

K,  Btu/((hr)(ft2){F)/ft] 
c,  10*”  in./in./F  ........ 


T1-6A1-4V 


Extruded  Shapes,  Rod  and  Bar 


Annealed 


All 


135 

135 

125 

125 

(Typical  Values  Shown  in  Tabie  IV) 

(Typical  Values  Shown  in  Table  XI ) 
(Typical  Values  Shown  in  Table  IX) 

(Typical  Values  Shown  in  Table  X) 


10 
10 

16.9  i 

I 


/ 


0.160 
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Figure  46.  Effect  of  Temperature  on  the  Ultimate  Tensile  Strength  (F.  ) 
of  Annealed  Ti-6Al-4v  Extrusions  tu 
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1+9.  Effect  of  Temperature  on  the  Ultimate  Shear  Strength 
of  T1-6A1-4V  Extrusions 
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TEMPERATURE  (°F) 

Figure  50.  Effect  of  Temperature  on  the  Ultimate  Bearing  Strength 
of  Ti-6A1-4V  Extrusions 
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Figure  51.  Effect  of  Temperature  on  the  Bearing  Yield  Strength  (F,  ) 

of  T1-6A1-4V  Extrusions  ^ 
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Figure  54.  Typical  S/N  Fatigue  Curve  for  ^  =  1.0,  T1-6A1-4V  Extrusions 
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CYCLES  TO  FAILURE 

Figure  55*  Typical  s/N  Fatigue  Curves  for  K^,  =  2.76  (A  =ro  ,  A  =  C.98,  A  =  0.4), 
Ti-6A1-4V'  Extrusions  at  Room  Temperature 
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CYCLES  1 

Figure  56.  Typical  S/n  Fatigue  Curves  for 
T1-6AI-I4V  Extrusions  at  400F 
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Figure  57-  Typical  S/N  Fatigue  Cu: 

T1-6A1-4V  Extrusions  a' 


Constant -life  Fatigue  Diagram  for  Notched  Ti-6A1-4V 
Annealed  Extrusions  at  Room  Temperature 


Figure  59*  Constant-life  Fatigue  Diagram  for  Notched 
Ti-6A1-4V  Extrusions  at  iMDOF  and  600F 


!&rt>le  XV  Tentative  Design  Mechanical  and  Physical  Properties 
of  Ti-8Al-lMo-lV  Titanium  Alloy  (Extrusions) 


Alloy 


Condition 


Thickness  or  diameter ,  in* 


Basis 


Ti-8Al-lMo-lV 


Mechanical  properties: 
Ftu,  ksi  . 


120 

IT . |  120 

Fey,  ksi  . . .  (Typical  values  shown  in  Table  V) 


F8U,  ksi . ...|  (Typical  values  shown  in  Table  Xl) 

(Typical  values  shown  in  Table  IX) 


Fbry,  ksi: 

!e/D  ■  1,5V . . . .  (Typical  values  shown  in  Table  X) 

e/D  -  2.0)  . 

e,  per  cent: 

In  2  in .  10 

In  k  D . . .  10 


E,  106  nei 


IU,  10°  pel 
G,  106  pel  . 


Physical  properties: 
Xb/in.3  ........ 


C,  Btu/(lb)(F)  . 

K,  Btu/((hr)(ft2)(F)/ft] 
d)  10^  iQ»/in»/F  ••••••« 


33 


(2)  Effect  of  temperature  on  ultimate  tensile  strength  at  temperature  is 
shown  in  Figure  60.  Effect  of  temperature  on  tensile  yield  strength 
is  shown  in  Figure  6l.  Effect  of  temperature  on  compressive  yield 
strength  is  shown  in  Figure  62.  Effect  of  temperature  on  shear  and 
on  bearing  properties  are  shown  in  Figures  63,  64,  and  65. 

(3)  Stress-strain  curves  in  tension  and  compression  (typical  curves)  are 
shown  in  Figures  66  and  67* 

(4)  s/N  diagrams  showing  typical  room  temperature  and  elevated  tempera- 
cure  characteristics  of  smooth  and  of  notched  specimens  are  shown  in 
Figures  68,  69,  70,  and  71,  modified  Goodman  diagrams  in  Figures  72 
and  73* 

(5)  Discussion  of  fracture  toughness  and  of  delayed  failure  characteris¬ 
tics  is  included  in  Section  IV.' 

(6)  Discussion  of  creep  characteristics  is  included  in  Section  IV. 

ddSAl-6V-2Sn  TENTATIVE  DESIGN  PROPERTIES 

(1)  Tentative  room  temperature  design  mechanical  properties  are  sum¬ 
marized  in  Table  XVI. 

(2)  Effect  of  temperature  on  ultimate  tensile  strength  at  temperature  is 
shown  in  Figure  74.  Effect  of  temperature  on  tensile  yield  strength 
is  shown  in  Figure  75 •  Effect  of  temperature  on  compressive  yield 
strength  is  shown  in  Figure  76.  Effect  of  temperature  on  shear  and 
on  bearing  properties  is  shown  in  Figures  77  >  78,  and  79* 

(3)  Stress-strain  curves  in  tension  and  compression  (typical  curves)  are 
shown  in  Figures  80  and  81. 

(4)  S/N  diagrams  showing  typical  room  temperature  and  elevated  tempera¬ 
ture  characteristics  of  smooth  and  of  notched  specimens  are  shown 
in  Figures  82,  83,  84  and  85,  modified  Goodman  diagrams  in  Figures 
86  and  87. 

(5)  Fracture  toughness  and  delayed  failure  characteristics  sire  discussed 
in  Section  IV. 


(6)  Creep  characteristics  are  discussed  in  Section  IV. 
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Figure  60.  Effect  of  Temperature  on  the  Ultimate  Tensile  Strength  (F.  ) 
of  Annealed  Ti-8Al-lMo-lV  Extrusions 
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Figure  6l.  Effect  of  Temperature  on  the  Tensile  Yield  Strength  (F,  ) 
of  Annealed  Ti-8Al-lMo-lV  Extrusions  ^ 
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Figure  62.  Effect  of  Temperature  on  the  Compressive  Yield  Strength  (F  ) 
of  Annealed  Ti-8Al-lMo-lV  Extrusions 
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TENSILE  STRESS  (KSI) 


Figure  66.  Typical  Tensile  Stress — Strain  Curve  Ti-SAl-lMo-lV 
Extrusion  at  Room  Temperature 
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Figure  67*  Typical  Compressive  Stress--Strain  Curve 

Ti-8Al-lMo-lV  Extrusions  at  Room  Temperature 
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Figure  69*  Typical  S/N  Fatigue  Curves  for  K_  =  2.76  (A 
Ti-8Al-lMo-lV  Extrusions  at  RooniTemperature 
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CYCLES  TO  FAILURE 

Figure  70.  Typical  S/N  Fatigue  Curves  for  K_  =  2.76  (A  =  co ,  A  -  0.93. 
Ti-8Al-lMo-lV  Extrusions  at  UOOF 
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Figure  71.  Typical  S/N  Fatigue  Curves  for  K_  =  2.76  (A  =  co,  A  -  O.98 
Ti-8Al-lMo-lV  Extrusions  at  600F 
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Figure  72.  Constant-life  Fatigue  Diagram  for  Notched  Ti-8Al-lMo-lV 
Annealed  Extrusions  at  Room  Temperature 


0.67 


Constant-life  Fatigue  Diagram  for  Notched  Ti-8Al-lMo-lV 
Annealed  Extrusions  at  400F  and  600F 


Table  XVI  Tentative  Design  Mechanical  and  Raysical  Properties 
of  Ti-6Al-6V-2Sn  Titanium  Alloy  (Extrusions) 


Alloy 


Ti-6Al-6V-2Sn 


Condition 


Thickness  or  diameter,  in. 


Basis 


Extruded  Shapes,  Rod  and  Bar 


Annealed 


Mechanical  properties: 
Ftu,  ksi  . 


135 

I a? .  135 

FCy,  ksi  . .  (Typical  values  shown  in  Table  VI ) 


FSu>  ksi  ••••••• . . .  (Typical  values  shown  In  Table  XI) 

Fbru>  ksi ’ 

(e/D  ■  1.5)  . .  (Typical  values  shown  in  Table  IX) 

(e/D  -  2.0)  . .... 

?biy,  ksi: 

(e/D  «  15) . . . .  (Typical  values  shown  in  Table  X) 

(e/D  -  2,0)  . . . 

e#  per  cent: 

In  2  in .  10 

In  k  D  . .  10 

E,  lO^jpsi  . . .  16.1 

G,  1<5>  pel  . . . . 


Physical  properties: 
lb/in.3  . . 


C,  Btu/(lb)(F)  . 

K,  Btu/((hr)(ft2)(F)/ft] 
a,  lO'®  ia./in./F  ....... 
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Figure  75,  Effect  of  Temperature  on  the  Tensile  Yield  Strength  (?  ) 

of  Annealed  Ti-6Al-6V-2Sn  Extrusions  y 
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Section  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


This  program  has  developed  data  on  annealed  titanium  extrusions  to  illustrate 
where  the  product  form  possesses  advantages  over  other  materials  and  other  forms 
of  titanium  when  properly  applied  in  aerospace  applications.  Extruded  products 
are  uniform  in  properties  in  the  section,  in  its  length,  and  do  not  possess 
abnormal  directional  characteristics .  Data  indicate  that  materials  from 
different  vendors  and  from  different  heats  have  closely  related  properties,  and 
that  the  relationship  of  properties  as  affectea  by  environment  or  application 
are  consistent. 

Within  the  scope  of  the  testing  in  this  program,  MIL-HDBK-5  values  could  not 
be  developed  because  of  the  restrictions  on  the  volume  of  data  which  could  be 
generated.  Sufficient  direction  and  verification  was  obtained  to  estaolis'n 
trends  and  relationships  necessary  to  establish  design  data. 

Titanium  extrusions  offer  advantages  in  cost  and  in  environmental  suitability. 

(1)  Because  of  shape  flexibility,  savings  are  usual  in  material  and 
machining  in  the  type  of  section  where  extrusion  is  adaptable. 

While  machining  is  required  to  provide  a  surface  and  tolerances 
suitable  for  use,  machining  costs  and  material  costs  are  generally 
lower  than  other  heavy  product  forms. 

(2)  In  high  temperature  applications  creep  characteristics  of  extrusions 
appear  to  be  superior  to  other  product  forms  because  of  the  beta 
worked  metallurgical  structure.  At  applications  up  to  600F,  creep 
does  not  appear  to  be  a  significant  factor,  while  other  product  forms 
may  require  consideration  cf  creep  in  order  to  provide  satisfactory 
life. 

(3)  The  beta-worked  structure  of  extrusions  appears  to  offer  advantages 
in  delayed  failure  characteristics  in  corrosive  environments. 

Recent  studies  of  other  product  forms  have  shown  the  desirability  of 
processing  or  heat  treatment  in  the  beta  field  in  order  to  achieve 
better  toughness  and  delayed  failure  characteristics. 

In  application  of  titanium  extrusions  consideration  must  be  given  to  other 
effects  of  its  manner  of  production  and  its  metallurgical  structure.  Ductility 
is  generally  considered  to  be  lower  for  beua  processed  material  them  for 
materia3  processed  in  the  alpha-beta  field.  This  may  have  definite  effects  on 
forming  characteristics  ernd  may  make  use  of  such  products  as  alpha-beta 


processed  sheet  preferable.  Other  properties  however  seem  to  be  of  the  same 
order  of  magnitude  as  those  of  other  product  forms  produced  with  the  lower 
temperature  final  processing. 

Trends  shown  by  this  study  indicate  that  temperature  effects  on  extruded 
products  do  not  conform  to  those  published  in  MIL-HDbK~5  for  other  products. 
Derived  property  values  should  be  based  on  extrusion  data  to  insure  proper 
application.  In  this  respect,  it  should  be  pointed  out  that  beta-processed 
material,  or  beta  heat-treated  material,  in  any  product  form  will  be  having 
increased  usage,  and  that  verification  of  property  relationships  for  this  type 
material  will  be  required. 

To  achieve  the  long  range  objectives  of  this  program,  action  should  be  taken 
in  the  ifollowing  areas: 

(1)  Room  temperature  mechanical  property  data  can  at  present  be  estab¬ 
lished  on  a  specification  basis  on  tensile  properties  and  on  com¬ 
pressive  yield  strength  based  on  vendor  guarantees.  Sufficient 
vendor  data  exists  to  establish  A  and  B  values  for  Ti-6A-4V.  Data 
points  on  Ti-8Al-lMo-lV  and  Ti-6Al-6\'-2Sn  may  be  more  limited  when 
evaluated  from  Handbook  standpoint.  Vendor  data  on  compression 
properties  exists  in  reasonable  depth  in  all  alloys. 

In  establishing  values  and  determining  properties,  it  is  suggested 
that  date  of  production  be  considered  as  a  variable.  Definite 
changes  in  property  trends  have  been  observed  based  on  refinements, 
or  changes  in  production  techniques.  This  has  been  particularly 
true  in  Ti-8Al-lMo-lV,  with  elimination  of  furnace  cooling,  and  in 
Ti-6Al-6V-2Sn  where  original  production  was  directed  toward  the  spe¬ 
cial  requirements  of  a  single  application. 

Tentative  values  for  other  properties  can  be  established  using  in¬ 
dustry  accumulated  test  data  in  these  areas. 

(2)  Property  determination  programs  should  be  instituted  to  provide 
design  data  for  beta  processed  sheet,  plate,  and  bar.  Current  trends 
for  application  indicate  that  this  processing  will  be  of  increasing 
importance  in  gages  over  approximately  0.062  inch. 

(3)  Property  determination  programs  should  be  instituted  to  provide 
design  data  for  heat  treated  and  aged  (STA)  extrusions,  and  the 
"Overaged"  extrusion  where  intermediate  property  levels  are  estab¬ 
lished  to  provide  desirable  secondary  characteristics  such  as  more 
usable  forming  temperatures  in  conjunction  with  strengths  higher 
than  annealed  products. 

(4)  Studies  of  rapid  heating-rapid  load  creep  characteristics,  including 
repeat  cycle  effects  should  he  continued  to  determine  specific  effects 
on  supersonic  aircraft  under  temperature  override  conditions,  and 
other  vehicles  such  as  spacecraft  on  re-entry. 
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TABLE  XVI I  TENSILE  TEST  SUMMARY  (Continued) 


Test 

Temp. 

(°F) 


TUS 

(ksi) 

TYS 

(ksi) 

Elong. 

(*) 

129 

MB 

131 

BfH 

144 

130 

146 

132 

16 

143 

127 

16 

145 

130 

16 

149 

136 

14 

no 

90 

15 

112 

16 

no 

88 

20 

113 

93 

20 

113 

94 

18 

112 

92 

20 

100 

76 

16 

103 

77 

16 

100 

79 

17 

102 

79 

18 

103. 

72 

18 

101 

80 

17 

92 

73 

17 

93 

73 

17 

93 

73 

16 

96 

73 

14 

95 

75 

19 

94 

73 

18 

170 

160 

2.2 

172 

162 

13,. 

169 

161 

11 

142 

127 

jlj 

Room 


Room 

400 


400 

600 

* 


6oo 


boo 


800 

-110 

t 

-no 


Room 
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TABLE  XVII  TENSILE  TEST  SUMMARY  (Continued) 


Section 


Thin. 

(Fig.l) 


Thin 

(Fig.l) 


secimen 

I.D. 

Grain 

Dir. 

Test 

Temp. 

(°F) 

- 1 

TUS 

'ksi} 

TYS 

(ksi) 

Elong 

<*) 

AA10 

T 

Room 

1 

128 

14 

AA11 

‘  i 

| 

126  i 

14 

AB? 

i 

127 

13 

AB8 

143 

12? 

14 

AB9 

143 

128 

11 

AC8 

14 1 

127 

34 

| 

AC9 

142 

126 

13 

AC  10 

142 

12? 

15 

BH5 

143 

126 

15 

BH6 

142 

126 

14 

BH7 

145 

129 

m 

BJ1 

l4l 

124 

Kill 

BJ2 

145 

130 

15 

BJ3 

140 

325 

15 

CA9 

145 

129 

15 

CA10 

146 

130 

14 

CA11 

146 

130 

14 

CB7 

145 

130 

15 

CB8 

146 

129 

15 

CB9 

146 

130 

14 

CC8 

146 

131 

15 

CC9 

145 

128 

14 

CC10 

146 

129 

14 

BH5 

146 

130 

13 

DK6 

146 

129 

14 

DH7 

146 

130 

14 

DJI 

146 

130 

17 
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■a 
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f 

f 

Room 

144 

128 

B 

* 

Alloy 

1 
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i 

Specimen 

I.D. 

Ti-6-4 

Thin 
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h 

(Fig.l) 

AD5 

AD6 

AD7 

ADS 
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AD  11 

(Fig.l) 
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(Fig. 2) 
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TABIE  XVII  TENSILE  TEST  SUMMARY  (Continued) 


Alloy 


_  , .  Specimen  Grain  _ 

Section  %  .  Temp. 

I.D.  Dir.  ^ 


Thin 

(Fig.l) 


TUS 

(ksi) 


■mm 

1 1 . 1 


Elong. 

(*) 


Thin 

(Fig.l) 
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TABIiD  XVII  TENSILE  TEST  SUMMARY  (Continued) 


Section 

Specimen 

I.D. 

Grain 

Dir. 

Test 

Temp. 

(op) 

TUS 

(ksi) 

TYS 

(ksi) 

Elong. 

(*) 

Thin 

MH3 

L 

Room 

154 

136 

15 

(Fi* 

1) 

MH4 

157 

137 

17 

NA1 

153 

136 

15 

NA2 

147 

134 

16 

NA3 

147 

133 

18 

NA4 

150 

135 

17 

NB1 

146 

1?2 

15 
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143 

131 

17 
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146 

133 

18 

NCI 

148 

134 

15 
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145 

132 

17 
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150 

135 

16 

NC4 

145 

132 

17 

PEL 

145 
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20 

FH2 

142 
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21 
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146 

135 

18 

PH4 

Ro 

an 

147 

136 

19 
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400 
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101 

16 

LD29 

125 

100 
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LD30 

126 

100 

17 

NF4 

125 

104 

18 
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125 
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21 
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125 
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20 
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0 

121 

100 

19 

LD32 
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94 

18 
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121 

95 

17 

NF7 

116 

93 

17 

NF8 

117 

93 

19 

Thi: 

l 

NF9 

] 

60 

0 

115 

92 

16 

|  (Pig.l) 

_ 

TABIE  XVII  TENSILE  TEST  SUMMARY  (Continued) 


Section 

Specimen 

I.D. 

Grain 

Dir. 

Test 

Temp. 

(°F) 

TUS 

(ksi) 

TYS 

(ksi) 

Elong. 

(*) 

Thin 
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L 

800 

108 

86 

17 

(Fi| 

s.i) 

LD35 
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86 

24 

LD36 

110 

88 

18 
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89 

19 

NF11 

107 

86 
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] 
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108 

89 

17 

LD1 

T 
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191 
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9 

LD2 
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9 

LD3 
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Ro 

om 

160 
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11 

LAIO 
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i4o 

11 

LA11 
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13 

LB7 

160 
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l4l 
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160 
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TABLE  XVIII  COMPRESSION  TEST  SUMMARY 
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TABUS  XVIII  COMPRESSION  TEST  SUMMARY  (Continued) 


Alloy 


Ti-6-4 


Section 


Specimen 

I.D. 


Grain 

Direct. 


CY3 

0.2$ 

(ksi) 


Ti-6-4 

Ti-8-1-1 


Ti-8-1-1 


FD37 

FD38 

FD39 

HF13 

hfi4 

HF15 


TABLE  XVIII  COMPRESSION  TEST  SUMMARY  (Continued) 


Section 

Specimen 

I.D. 

Grain 

Direct. 

Test 

Temp 

(op) 

CIS 

0.2$ 

(fcsi) 

Thin 

FD46 

L 

800  ' 

78 

(Fig 

5-  1) 

FD47 

78 

FD48 

77 

HF22 

70 

HF23 

70 

HF2U 

1 
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8o 

0 

70 

FD13 

T  1 

-110 

173 

FDl4 

173 

FD15 

-110 

— 

FA12 

Ro 

om 

i4o 

FA13 

138 

FAl4 

138 

FB10 

137 

FB11 

138 

FB12 

138 

FBI  3 

139 

Kill 

139 

FC12 

139 

FC13 

139 

HA12 

135 

HA13 

136 

KAlU 

134 

HB10 

133 

KB  11 

132 

HB12 

133 

HB13 

132 

HC11 

132 

f 

Thin 

HC12 

T 

135 

(Pig.  1) 

Room  | 
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I 
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I'APIE  XVXEI  COMPRESSION  TEST  SUMMARY  (Continued) 


Alloy 


Ti-8-1-1 


Section 


Thin 
(Fig.  1) 


Ti-8-1-1 

Ti-6-6-2 


Ti-6-6-2 


Thin 
(Fig.  1) 


Specimen 

I.D. 


HC13 

FD.16 

FD17 

fdi8 

FD19 

FD20 

?D21 

FD22 

FD23 

FD24 

LD37 

LD38 

LD39 

NF13 

NFl4 

NF15 

IA5 

LA6 

LA? 

LA8 

LB4 

LB5 

LB6 

LC5 

LC6 

LC7 

NA5 

NA6 

NA? 


Grain 

Direct. 


Test 

Temp 

(°F) 

CYS 

0.2% 

(ksi) 

Room 

133 

400 

100 

| 

98 

4oo 

98 

600 

84 

,1 

600 

84 

800 

1 

79 

{ 

60 

800 

75 

-110 

194 

196 

196 

182 

186 

-110 

184 

Room 

154 

154 

154 

153 

156 

152 

154 

156 

155 

156 

147 

148 

Roan 

150 

1 

TABLE  XVIII  COMPRESSION  TEST  SUMMARY  (Continued) 


TABLE  XVIII  COMPRESSION  TEST  SUMMARY  (Concluded) 


Section 

Thin 

(Fig.  1) 


* 

Thin 
(Fig.  1) 


TABLE  XIX  TENSILE  MODULUS  SUMMARY 
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TABLE  XX  BEARING  TEST  SUMMARY 


Specimen 

ID 

Test 

Temp. 

Grain 

Direction 

e/D 

Ultimate 
Bearing 
Strength (kai ) 

Bearing 

Yield. 

Strength (k3i) 

AD49 

-110°F 

L 

2.0 

329 

294 

AD50 

A 

A 

AD51 

-110°F 

332 

299 

AVG 

ran 

AD52 

RT 

A 

A 

AD53 

A 

A 

ADpU 

295 

250 

AVG 

295 

250  1 

CF28 

265 

233 

CF29 

293 

2' 

CF30 

I 

IT 

270 

240 

AVG 

1  M  .1 

1  240  | 

AD58 

4C 

ft. 

0 

0 

219 

190 

AD59 

207 

195 

AD60 

204 

186 

AVG 

1  210 

190  | 

CF31 

226 

193 

CF32 

1 

231 

188 

CF33 

4< 

0 

0 

-4 

227 

198 

AVG 

i  228 

AD6l 

6c 

0 

0 

*4 

208 

173 

AD62 

209 

170 

AD63 

187 

174 

AVG 

[ 

201  i 

ran 

CF34 

199 

166 

CF35 

l 

195 

169 

CF36 

600°F 

L 

2 

.0 

218 

170 

AVG 

1  204 

fieri 

TABLE  XX  BEARING  TEST  SUMMARY  (Continued) 


Alloy- 


Specimen 

ID 


Test  Grain 
Temp.  Direction 


PT 


400°F 

Jo 

UOCTF 


Ultimate 

Bearing 

Strength(ksi) 

Bearing 

Yieid 

Strength (ksi) 

308 

259 

294 

252 

302 

260 

300 

245 

298 

266 

290 

255 

255 


194 

195 
193 

fl9U  j 

210 

207 

207 

f  208  \ 


-110°F 


*  o 

-110  F 


1 282 1 

279 

228 

296 

240 

300 

252 

mrnrnm 

1  240  ! 

152 


TABLE  XX  BEARING  TEST  SUMMARY  (Continued) 


Alloy 


Ti-8-1-1 


Ti-8-1-1 


Ti-6-6-2 


Ti-6-6-2 


Specimen 

ID 

Test 

Temp. 

FD6T 

FD68 

U00°F 

t 

FD69 

AVG 

H00°F 

FD5> 

FD56 

FD57 

AVG 

HF25 

HF26 

RT 

HP27 

AVG 

RT 

LD49 

-110°F 

A 

LD50 

'LD51 

AVG 

-110°F 

LD52 

LD53 

LD5U 

AVG 

NF28 

NF29 

RT 

NF30 

AVG 

RT 

LD58 

LD59 

kD0°7 

| 

LD60 

AVG 

400°F 

Grain 


TABLE  XX  BEARING  TEST  SUMMARY  (Continued) 


Alloy 

Ti-6-6-2 


Ti-6-6-2 


Speoimen 

ID 

Test 

Temp. 

NF31 

NF32 

400°P 

| 

NF33 

AVG 

400°F 

LD6l 

LD62 

LD63 

AVG 

NF34 

NF35 

600°F 

NF36 

AVG 

6oo°f 

LD64 

LD65 

ld66 

AVG 

NF37 

NF38 

RT 

NP39 

AVG 

RT 

LD67 

4oo°f 

LD68 

J 

LD69 

AVG 

400°F 

LD55 

LD56 

LD57 

RT 

AVG 

RT 

Grain 

Direction 


Ultimate 

Bearing 


Bearing 

Yield 


Strength (ksi)  Strength (ksi) 


25U 

24k 

253 


244 

254 

247 

1  248  1 


TABLE  XX  BEARING  TEST  SUMMARY  (Concluded) 


Alloy 

Specimen 

ID 

Test 

Temp. 

Grain 

Direction 

e/D 

Ultimate 
Bearing 
Strength (fcsi ) 

Bearing 

Yield 

Strength(ksi) 

Ti-6-6-2 

NF25 

Bl 

H 

1.5 

2U7 

218 

11 

.  H  1 

I 

258 

223 

Ti-6-6-2 

NF2T 

H 

1.5 

250 

228 

AVG 

■ 

■1 

USEJ 

L223  1 

^  Abnormal  deformation  at  loading  hole 

TABLE  XXI  SHEAR  TEST  SUMMARY 


Alloy 


Grain 

Direction 


Double  Shear 
Strength  (ksi) 


AD70 

AD71 

AD72 

Avg 


-110°F 


400°F 

* 


600°F 


6oo°f 


95 

94 

92 

93 

90 
89 

UW~ I 

94 

91 
93 

89 

90 

91 

i  91  1 


TABLE  XXI  SHEAR  TEST  SUMMARY  (Continued) 


Specimen 

ID 

CP67 

CF68 

CF69 

Avg 

AD85 

AD86 

AD87 

Avg 

CF70 

CF71 

CF72 

Avg 

CF73 

CF74 

CF75 

Avg 

ID70 

FD71 

FD72 

Avg 

m3 

mb 

m3 

m6 

FD77 

KD78 

Avg 

HF58 

HF59 


Test 

Ten® 

600°F 

600°F 

RT 

RT 

4oo°f 

-hoof 

RT 


TABLE  XXI  SHEAR  TEST  SUMMARY  (Continued) 


TABLE  XXI  SHEAR  TEST  SUMMARY  (Continued) 


Alloy 


Ti-8-1-1 
Ti- 


L-O-l-1 

l_Li-i 


Ti-6-6-2 


Ti-6-6-2 


Specimen 

ID 


HS73 

HF74 

HF75 

Avg 

LD?0 

LD71 

LD72 

Avg 

LD73 

LD74 

LD75 

LD76 

LD77 

LD78 

Avg 

NF58 

NF59 

np6o 

hf6i 

HF62 

NP63 

Avg 

UJ79 

LD60 

ID81 

Avg 

HF64 

HF65 


Test 

Temp 


400°F 


40GUF 


-110°F 


-ho°f 


RT 


RT 


400 


400°F 


Grain 

Direction 


Double  Shear 
Strength  (ksi) 


T 


75 

1"75  I 

118 

123. 

119 

r  119 1 

ice 

100 

101 

loe 

99 
100 
\  101  I 
100 

100 

101 
lo4 
101 

99 


1  101 


c 


92 

90 

89 

-2£L 

A 

A 


TABLE  XXI  SHEAR  TEST  SUMMARY  (Concluded) 


A 


Abnormal  failure  with  bending 


TABLE  XXII  CHARPY  IMPACT  TEST  SUMMARY 


Alloy 

Spec. 
Ident . 

Grain 

Direction 

Test 

Temperature 

(°F) 

Imxsact  Strength 
(ft-lb) 

.250  Width 

.394  Width 

Ti-6-4 

AL1 

Longitudinal 

-no  A 

7.0 

AL2 

7.0 

AL3 

7.0 

CL1 

6.0 

CL2 

6.5 

CL3 

-110  l 

6.0 

AE48 

12 

5.5 

AEl*9 

5.5 

AE50 

6.5 

CF52 

5 

CF53 

6 

CP54 

6 

©128 

9 

EM29 

8 

IM30 

72 

8 

AEU5 

no 

6.0 

AE46 

6.0 

AEU7 

7.0 

CFU9 

7.0 

CF50 

6.4 

CF51 

110 

6.0 

AE51 

4oo. 

11.0 

AE52 

11.0 

AE53 

11.0 

CF55 

10.5 

CF56 

CF57 

Longitudinal 

4oo 

CT1 

Transverse 

-no  a 

CT2 

& 

CT3 

-no 

CFU3 

72 

14 

CF44 

n 

CF45 

13 

EM25 

9 

EM26 

28 

EM27 

72 

28 

cf4o 

i  no 

12.0 

CF41 

15.0 

CF42 

no 

14.5 

CF46 

4 

po 

17.0 

cf47 

; 

16.5 

CF48 

Transverse 

4oo 

16.5 
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TABLE  XXII  CHABPY  IMPACT  TEST  SUMMARY  (Concluded) 


Alloy 


Ti-6-6-2 


Ti-6-6-2 


Spec. 

Ident. 


LL1 

LL2 

LL3 

NL1 

NL2 

HL3 

LE48 

LE49 

LE50 

NF52 

RF53 

NF51* 

RM28 

RM29 

RM30 

LE45 

LE46 

LE47 

NF49 

NF50 

NF51 

LE51 

LE52 

LE53 

MF55 

NF56 

NF57 

NT1 

HT2 

HT3 

NP43 

NP44 

HP45 

RM25 

RM26 

RM27 

NF40 

HF4l 

KF42 

HF46 

HP47 

HF48 


Grain 

Direction 


Longitudinal 


Test 

Temperature 

(°P)  .. 


Longitudinal 

Transverse 


Impact  Strength 
(ft-lb) 


.250  Width  .394  Width 


Transverse 


m 


Specimens  for  testing  at  -HOP  were  fabricated  and  tested  separately 
fro®  other  specimens - 
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i/\  u\  \s\ 


TABLE  XXIII  FRACTURE  TOUGHNESS  TEST  SUMMARY  (Continued) 

(Longitudinal) 


Alloy 


Spec. 
Ident . 


Ti-e-1-1 


Ti-8-1-1 

Ti-6-6-2 


Ti-6-6-2 


Test 

Temp 

RT 


-110F 


“ic 

(ksi  \Tin) 

81 

84 

85 

83 

86 
90 
85 

89 

90 
88 

84 

91 
80 

85 

43 
4? 

44 
49 
48 
46 

51 

59 

60 
6l 
59 

58 

57 
6l 

52 

59 

60 

58 
76 
74 
74 
71 
68 
71 


5i 

58 
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TABLE  XXIV  DELAYED  FAILURE  TEST  SUMMARY 
(Room  Temperature,  Longitudinal) 


i 

Alloy 

- 1 

Spec . 

Ident . 

^Ii 

(ksi  nT in) 

Time 

(Min) 

Notes 

Ti-6-4 

AE35 

59 

1 

Fail 

1 

AE36 

40 

3 

Fail 

AE3T 

23 

180 

No  Failure 

AE38 

31 

120 

No  Failure 

AE39 

42 

180 

No  Failure 

ae4o 

40 

180 

No  Failure 

ae4i 

36 

6000 

No  Failure 

AE42 

43 

6 

Fail 

AE43 

38 

6o 

No  Failure 

I 

AE44 

45 

3 

Fail 

CG36 

43 

180 

No  Failure 

CG37 

51 

3 

Fail 

CG38 

48 

2 

Fail 

CG39 

45 

6780 

No  Failure 

cg4o 

52 

3 

Fail 

CG4l 

51 

3 

Fail 

CG42 

42 

3 

Fail 

CG43 

42 

74 

No  Failure 

CG44 

39 

78 

No  Failure 

CGU5 

53 

1 

Fail 

EM19 

29 

187 

No  Failure 

EM20 

39 

1083 

No  Failure 

EM21 

47 

5 

Fail 

EM22 

42 

10 

Fail 

EM23 

42 

6015 

No  Failure 

Ti-6-4 

EM24 

43 

90 

No  Failure 

Ti-8-l-l 

FE35 

4e 

3 

1 

Fail  i 

\ 

FE36 

25 

180 

No  Failure 

FE27 

36 

180 

Ho  Failure 

FE38 

43 

78 

Fail 

i 

FE39 

35 

4 

Fail 

1 

FE40 

37 

180 

No  Failure 

i 

fe4i 

34 

7020 

No  Failure 

i 

FE42 

43 

6 

Fail 

i 

FE43 

40 

6 

Fail 

FE44 

37 

4 

Fail 

HG36 

34 

180 

No  Failure 

HG37 

56 

4 

Fail 

Ti-8-1-1 

UG38 

4o 

!  9 

; _ _ _ 

Fail 

TABLE  XXIV  DELAYED  FAILURE  TEST  SUMMARY  (Continued) 
(Boon  Temperature,  Longitudinal) 


Alloy 

Spec. 

Ident. 

*11 

(ksi  \T in) 

Time 

(Min) 

Notes 

Ti-6 

kl-1 

B039 

38 

35 

Fail 

. 

BD40 

36 

2700 

Fail 

H54l 

33 

6840 

No  Failure 

] 

H?42 

47 

9 

Fail 

HG43 

50 

9 

Fail 

HG44 

40 

80 

No  Failure 

H&45 

4l 

10 

Fail 

KH19 

34 

181 

No  Failure 

KM20 

36 

17 

Fail 

KM21 

39 

6 

Fail 

KM22 

32 

6009 

Ho  Failure 

KM23 

40 

85 

No  Failure 

Ti-8-1-1 

KM24 

43 

5 

Fail 

Ti -6-6-2 

LE35 

51 

1 

Fail 

LE36 

43 

1 

Fail 

LE37 

29 

180 

No  Failure 

34 

1 

Fail 

LE39 

36 

1 

Fail 

LE40 

4l 

5880 

No  Failure 

LE4l 

34 

240 

No  Failure 

LE42 

37 

1 

Fail 

LE43 

38 

60 

No  Failure 

LE44 

39 

60 

No  Failure 

HG36 

37 

180 

No  Failure 

NG37 

46 

180 

No  Failure 

NG38 

57 

2 

Fail 

NG39 

52 

2 

Fail 

hg4o 

42 

5640 

No  Failure 

ng4i 

46 

60 

No  Failure 

NG42 

53 

2 

Fail 

NG43 

51 

65 

No  Failure 

NG44 

58 

2 

Fail 

HG45 

63 

1 

Fail 

• 

RM19 

27 

185 

No  Failure 

RM20 

36 

1055 

No  Failure 

RM21 

51 

2 

Fail 

RM22 

48 

2 

Fail 

RM23 

36 

6003 

No  Failure 

Ti-6-6-2 

RK24 

4l 

3 

Fail 
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TABLE  XXV  CREEP  TEST  SUMMARY 


Alloy 


Ti-6-U 

(TIB  110 
TYS  89  ) 


Specimen 

ID 


Stress 

(kai) 


Creep 

Strain 

(in/in) 


0 

.0038 

.0052 

.0057 

.0066 

.0067 

c 

.0028 

.0039 

.ook6 

.0050 

.0054 

.0060 

.0060 


Remarks 


Failed. 


Unloaded 


Unloaded 


0 

.0001 

.0008 

.0010 

.0012 

.0012 

.0014 

.0014 


Unloaded 


Ti-8-1-1 


Failed 


(TUS  115 
TYS  89  ) 


0 

.0038 

,oo48 

.0057 

.0060 

.0062 

.0062 

0 

0 

.0002 

.0002 


Failed  on 
Loading 


Unloaded 


Unloaded 
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TABIE  XXV  CREEP  TEST  SUMMARY  (Continued) 


Ti-6-6-2 


Ti-6-4 


AE-15  100  600F 


Test 

Ten?) 

Creep 

Strain 

(in/in) 

Time 

(Hr) 

Remarks 

4oof 

.0025 

860 

.0025 

94o 

Unloaded 

6oof 

\ 

- 

0 

Failed  on 
Loading 

(TUS  101 
T*S  77  ) 


AE-19  100.0 


AE-17 


0 

.0003 

.0006 

.0008 

.0008 

.0009 

.ooi4 

.0026 

.0039 

.oo44 

o 

.0006 

.0007 

.0009 

.0013 

.0020 

.0025 


Unloaded 


AE-13 


AE-16 


0 

.0006 

.0008 

.0015 

.0018 

.0021 

.0021 

.0024 

.0025 

.0025 

0 

.ooo4 

.0006 

.0008 

.0011 

.0013 

.0021 


Unloaded 


25  ^334  ■»**». 


SSI 


TABLE  XXV  CHEEP  TEST  SUMMARY  ( Continued) 


Alloy 

Specimen 

3D 

Stress 

(ksi) 

Test 

Ten?) 

Creep 

Strain 

(in/in) 

Time 

(Hr) 

Remarks 

Ti-6-4 

AE-16 

95 

.0022 

672 

.0023 

768 

.0023 

941 

Unloaded 

AE-13 

93 

0 

0 

.0003 

1 

.0004 

3 

.0008 

4 

.0010 

5 

.0021 

22 

.0027 

46 

.003)1 

118 

.oo44 

214 

.oo48 

382 

.oo48 

622 

.0050 

718 

.0051 

957 

Unloaded 

AE-14 

89.0 

0 

0 

.0006 

1 

.0006 

2 

.0009 

90 

.0010 

498 

.0010 

1097 

.00105 

1169 

AE-18 

79.0 

0 

0 

,0006 

1 

,0006 

2 

,0008 

22 

.0026 

477 

,0032 

645 

Ti-8-1-1 

PE-22 

107 

- 

0 

Failed  on 
Loading 

(TUS  107 

IE-18 

106 

0 

Failed  on 

TYS  81  ) 

IE-13 

105 

0 

0 

Loading 

.0002 

1 

600F 

•  0002 

i4i 

Unloaded 

i 
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TABLE  XXV  CREEP  LEST  SUMMARY  (Continued) 


TABLE  XTv  CREEP  TEST  SUMMARY  (Continued) 


Alloy 


Ti-6-6-2 


Specimen  Stress  Test 

ID  (ksi)  Temp 


US-18 


114.0  600P 


IE-17  112 


EE-20 


100.0 


Ti-6-4 
(TIB  93 
TYS  73) 


Creep 

Strain 

(in/in) 


0 

.0009 

.0012 

.0014 

.0015 

.0028 

,oo4o 

.0052 

.0060 

0 

,000o 

.0008 

.0009 

.0015 

.0024 

.0033 

.0042 

.0054 

0 

.0004 

.0004 

.0006 

.0008 

.0016 

.0020 

.0021 

.0022 

.0024 

0 

.0037 

.0058 

.0074 

.0089 

.0265 

,o4io 

.0425 

.0425 


Remarks 


Failed 


TABLE  XXV  CREEP  TEST  SUMMARY  (Concluded) 


Alloy 

Specimen 

ID 

Stress 

(ksi) 

Test 

Temp 

Creep 

Strain 

(in/in) 

Time 

(Hr) 

Remarks 

Ti-6-4 

AE-3 

75 

800F 

0 

0 

.ooiU 

1 

.0026 

2 

.0032 

3 

.0077 

18 

.0120 

43 

.0183 

91 

.0264 

163 

.0378 

259 

.0431 

336 

Unloaded 

Ti-8-1-1 

VjS-12 

95 

0 

0 

.0002 

2 

(TUS  99 

.0003 

20 

TYS  72) 

.0012 

68 

.0038 

139 

Failed 

EE-5 

85 

0 

0 

.0006 

1 

.0016 

13 

.0028 

42 

.0044 

90 

.0056 

162 

.0070 

258 

.0084 

330 

Unloaded 

FE-ll 

72.0 

0 

0 

.0003 

l 

.0004 

2 

,0006 

3 

.0007 

4 

.0023 

92 

.0039 

260 

.0043 

332 

Ti~6-6~2 

LE-3 

98 

0 

0 

.0190 

T 

(TUS  109 

,0306 

2 

TYS  87  ) 

.0393 

3 

.0474 

4 

800F 

.1372 

l4 

Failed 

TABLE  XXVI  RAPID  HEAT  AND  LOAD 
CREEP  TEST  SUMMARY  (Continued) 


Alloy 

Specimen 

3D 

Stress 

(ksi) 

Ti-6~H 

(TUS  93 
TYS  73  ) 

AE-7 

85 

AE-10 

79 

AE-8 

75 

AE-12 

65 

Creep 
Strain 
( in/in) 


0 

.000? 
,0012 
.0016 
.0019 
.0020 
.0022 
.0025 
0028 


Time 

(min) 


Alloy 

Specimen 

3D 

Stress 

(ksi) 

Ti-6-4 

AE-11 

58 

Ti-8-1-1 

FE-7 

94 

(TUB  99 
TYS  72  ) 

FE-C 

85 

FE-9 

72 

FE-10 

58 

Creep 
Strain 
(in  in) 


0 

.ooo4 

.0006 

.0008 

.0010 

.0012 

.0012 


Time 

(min) 


0 

.0008 

.0010 

.0014 

.0016 

.0018 

.0020 


0 

.0003 

.0005 

.0006 

.0007 

.0008 


0 

.0002 

.0005 

,0006 

.0008 

.0010 

.0010 


Remarks 


At  load 


Unleaded 

Failed  on 
loading 


At  load 


Unloaded 


At  load 


Unloaded 


At  load 


Unloaded 


TABLE  XXVI  SAPID  HEAT  AMD  LOAD 
CREEP  TEST  SUMMARY  (Continued) 


l8l 


TABLE  XXVI  RAPID  HEAT  AND  LOAD 
CREEP  TEST  SUMMARY  (Concluded) 


Alloy 

Specimen 

ID 

Stress 

(ksi) 

Test 

Temp 

Creep 

Strain 

(in/in) 

Time 

(min) 

Remarks 

Ti-6-6-2 

LE-9 

78 

800F 

0 

0 

At  load 

.0016 

5 

.0028 

10 

.0037 

15 

.0044 

20 

.0052 

25 

.0060 

30 

.0067 

35 

.0070 

4o 

.0074 

45 

.0078 

50 

.0082 

55 

.0085 

60 

Unloaded 

LE-11 

69 

0 

0 

At  load 

.0008 

5 

.0012 

10 

.0016 

15 

.0022 

20 

.0026 

25 

.0032 

35 

.0038 

40 

.0042 

45 

.0044 

50 

.0046 

55 

800F 

.0048 

60 

Unloaded 

182 


Cycles 

m  _  •  i _ 


Remarks 


184 


TABLE  XXVII  FATIGUE  TEST  SUMMARY,  K^,  =  1.0  (Concluded) 


Specimen 

Number 

— 

TUS 
(  tei) 

— 

Max  Stress 
Net  Area 
(k  si) 

Cycles 

To  Failure 

Remarks 

MK-48 

157 

120 

258,660 

-47 

110 

414,900 

-46 

100 

987,660 

-50 

95 

847,080 

-49 

90 

3,472,560 

-55 

88 

5,279,940 

-54 

87 

10,000,000 

No  Failure 

-51 

85 

6,570,720 

MK-52 

157 

82 

18,243,000 

No  Failure 

RM-11 

155 

120 

41,760 

Thick  Extr 

-15 

110 

448,610 

Thick  Extr 

-12 

95 

2,297,240 

Thick  Extr 

-14 

90 

2, 844, 180 

Thick  Extr 

RM-13 

i: 

55 

82 

4,830,920 

Thick  Extr 

186 


Alloy 


Specimen 

Number 


CG-9 

BK-19 

DK-17 

CG-6 

DK- 19 

BK-16 

CG-10 

DK-16 

BK-17 

BK-18 

CG-7 

DK-l8 

BK-20 

DK-20 

CG-8 

DK-31 

CG-13 

BK-33 

DK-32 

CG-11 

BK-3^ 

CG-12 

DK-33 

BK-31 

CG-lU 

BK-32 

BK-35 

CG-15 


Range 

Ratio 


Max  Stress 
Net  Area 
(ksi) 


Cycles 
To  Failure 


1*1*  ,798 
1*8,325 
22,320 
71,1^5 
287,560 
599, !*  00 
5ox , 500 

i,:*ai»,oco 
6 /a  5, 700 
6,112,000 
5,600,000 
6, U 60, 000 

23,760 
19, **'*0 
28,1*26 
65*600 

39,322 

532,260 

695,700 

838,780 

1,895,550 

2,567,800 

2,256,300 

3.931.200 

3,000,000 

797,580 

2,611,300 

39,060 

399.600 
52,7^0 

129.600 
77,01*0 

1,258,820 

2.937.200 
1,353,900 
3,827,100 
1,1*29,500 
5,196,500 
8,243,100 
5,770,000 


Remarks 


TABLE  XXVIII  FATIGUE  TEST  SUMMARY,  «  2 ,ffc,  ROOM  TEMPERATURE  (Continued) 

(Grain  Direction:  Longitudinal) 


Alloy 

Spec imer 
Number 

Range 

Ratio 

Max  Stress 
Net  Area 
(ksi) 

Cycles 

To  Failure 

Remarks 

Ti-8-1-1 

HG-1* 

-1 

.0 

50 

19,980 

GK-1 

50 

23,1*60 

JK-2 

1+5 

39,1*20 

GK-1* 

1*0 

1*8,600 

HG-1 

35 

216,180 

JK-1 

35 

110,700 

GK-2 

35 

1,510,900 

GX-3 

32 

1,715,900 

JK-4 

30 

1,816,500 

HG-2 

29 

2,793,600 

GK-5 

29 

2,638,800 

HG-5 

27 

8,788,100 

JK-3 

26 

1,220,100 

HG-3 

25 

10,776,600 

No  Failure 

JK-5 

-1 

.0 

23 

10,000,000 

No  Failure 

JK-18 

+ 

.01 

80 

27,9^0 

HG-8 

7i 

33,120 

GK-19 

75 

37 ,800 

HG-10 

65 

27,000 

JK-16 

65 

55,965 

GK-20 

65 

1*85,770 

GK-17 

60 

587 ,770 

HG-6 

50 

216,1*70 

JK-17 

50 

663,1*80 

GK-16 

50 

1,187,1*00 

HG-7 

1*5 

1,595,570 

JK-19 

1*2 

9l*U,  6U0 

HG-9 

1*0 

11,580,000 

No  Failure 

JK-20 

+ 

.01 

36 

10,700,000 

No  Failure 

HG-1 3 

+ 

?0 

70,560 

GK-35 

s0 

1*7,160 

JK-33 

85 

26,230 

GK-33 

80 

162,330 

GK-34 

75 

378,51*0 

HG-11 

70 

39M00 

HG-12 

65 

1,125,700 

JK-32 

65 

31*0,000 

EG-14 

62 

2,1*0U,600 

JK-35 

60 

655,900 

GK-31 

60 

1Q,000,000 

No  Failure 

|  Ti-8-1-1 

HG-15 

.U3 

53 

9,320,000 

No  Failure 

i?ABLE  XXVIII  FATIGUE  TEST  SUMMARY ,  KT  =  2.Y6,  ROOM  TEMPERATURE  (Concluded) 


Alloy 


Ti -6-6-2 


Ti-6-6-2 


(Grain  Direction:  Longitudinal) 


Specimen 

Number 


NG-8 

PK-19 

MK-18 

MG- 6 

PK-17 

MK-19 

NG-7 

PK-16 

MK-17 

PK-18 

NG-10 

MK-20 

PK-20 

MK-16 

NG-lU 

MK-32 

NG-15 

FK-32 

MK-35 

NG-11 

MK-33 

PK-31 

MK-31 

NG-12 

MK-34 

NG-13 


Range 

Ratio 


+  .01 


+  .01 


+  .1*3 


+  .1*3 


Max  Stress 
Net  Area 
(ksi) 


Cycles 
To  Failurs 


52,095 
25,012 
131*,  1*60 
240,010 
595*200 
1*99,980 
1,1*05,000 
7,399,000 
1,693,000 
lu, 152, 000 
11,130,0G0 

27,000 
30,960 
25,920 
329,580 
48,21*0 
353,700 
2,536,200 
833,91*0 
1,600,000 
3,608,1*00 
13,636,800 
11, 91 '*,000 
10,090,000 
7,506,000 

37,080 

28,620 

8l,5l*0 

36,900 

801,000 

895,500 

71*6,860 

1*6,800 

3,643,200 

1,036,600 

10,000,000 

1,566,180 


©  Based  on  Nat  Areas 

( 2 )  Range  Ratio  R  *  Minimum  Stress/Maxiaum  Stress 


mm  * 


^  me--.- . 


Remarks 


No  Failui'e 
No  Failure 


No  Failure 
No  Failure 
No  Failure 
No  Failure 


No  Failure 


Tv &L 


Alloy 


Ti-6-4 


TABLE  XXIX  FATIGUE  TEST  SUMMARY,  K^,  =  2.76 

Test  Temperature:  400°F 
Grain  Direction:  Longitudinal 


Specimen 

Number 

Range 

Ratio 

Max  Stress 

Net  Area 
(fcsi) 

Cycles 

To  Failure 

Remarks 

BK-7 

-1 

.0 

45 

16,920 

dk-6 

40 

56,832 

DK-9 

35 

66,o4o 

bk-6 

35 

40,500 

BK-S 

33 

63,720 

DK-7 

30 

519,400 

BK-8 

30 

3,129,400 

EX-10 

27 

2,008,200 

EX- 10 

-1 

.0 

25 

1,372,500 

DK-22 

.01 

65 

23,220 

BK-23 

6l 

42,122 

DK-21 

55 

37,620 

BK-24 

50 

1,809,300 

BK-25 

46 

1,371,600 

DK-23 

45 

1,658,800 

DK-24 

42 

5,104,700 

DX-25 

+ 

.01 

4o 

3,983,200 

BK-37 


•3 


8o 


19,440 


TABLE  XXIX  FATIGUE  TEST  SUMMARY,  K  =  2.76  (Continued) 


A 


Alloy 

Specimen 

Number 

Range 

Ratio 

Max  Stress 
Net  Area 
(k  si) 

Cycles 

To  Failure 

Ti-6-4 

BK-38 

+  . 

43 

72 

391,320 

DK-36 

70 

34,920 

HK-36 

65 

528,900 

BK-40 

63 

1,854,000 

DK-37 

60 

880,740 

DK-40 

47 

10,253,300 

Ti-6-4 

DK-39 

+  . 

43 

45 

11,043,000 

Ti-8-1-1 

gk-6 

0 

45 

29,260 

JK-6 

4o 

18,012 

JK-7 

30 

2,182,400 

GK-7 

30 

1,131,170 

JK-8 

27 

1,273,100 

JK-10 

25 

1,586,500 

GK-9 

-1. 

0 

25 

10,000,000 

GK-22 

01 

65 

23,708 

JK-21 

60 

50,837 

JK-25 

5? 

109,980 

GK-24 

55 

353,700 

JK-22 

50 

357,180 

Ti-8-1-1 

cac-21 

+  . 

01 

50 

393,320 

_ 

_ 

T 


Remarks 


No  Failure 
No  Failure 


No  failure 


Alley 

Spec imen 
Number 

Range 

Ratio 

Ti-8-1-1 

JK-23 

+  .01 

1 

GK-23 

•JK-24 

+  .01 

GK-37 

JK-37 

GK-38 

JK-36 

GK-36 

JK-40 

CK-4o 

+  M 

Ti-8-1-1 

JK-39 

+  .43 

Ti-6-6-2 

MK-9 

-1.0 

iiK-7 

PK-7 

MK-6 

HI-10 

px-8 

* 

FK-9 

-1.0 

1 

Ti -6-6-2 

m-2h 

•  - 

o 

Max  Stress 
Net  Area 
(ksi  ) 


Cycles 

To  Failure 

Remarks 

103,020 

12,585,500 

7,530,240 

287,460 

92,700 

202,680 

1,691,200 

1,007,300 

2,674,800 

2,050,900 

13,402,800 

No  Failure 

16,790 

1,532,500 

33,320 

4,808,700 

1,963,900 

3,120,300 

10,504,000 

No  Failure 

30.96c 

rni^nmg^fss 


4 


TABLE  XXX  FATIGUE  TEST  SUMMARY  KT  *  2.76,  600°F 


(Grain  Direction:  Longitudinal) 


Specimen 

Number 

; 

Range 

Ratio 

Max  Stress 
Net  Area 
(ksi) 

Cycles 

To  Failure 

Remarks 

DK-] 3  ' 

-1 

,0 

1*0 

BK-15 

1*0 

22,120 

DK-12 

30 

711,180 

BF  1.1 

30 

2,569,800 

DK-14 

1 

25 

3,533,800 

BK-12 

I 

25 

1,808,500 

bk-il 

1 

23 

3,252,1*00 

DK-15 

-1 

.0 

20 

3,456,000 

BK-27 

+ 

.01 

78 

14,766 

DK-27 

62 

14,400 

DK-26 

55 

287,270 

BK-29 

50 

45,720 

BK-26 

51 

991,430 

DK-23 

1*8 

1,714,600 

BK-28 

1*5 

78,840 

DK-29 

1*3 

2,356,500 

DK-30 

1*0 

4,001,900 

BK-30 

+ 

.01 

35 

10,000,000 

No  Failure 

BK-43 

+  . 

.1*3 

75 

34,560 

DK-42 

70 

43,740 

DK-44 

65 

3,176,600 

BK-Ul 

65 

1,860,700 

DK-Ul 

60 

2,475,500 

BK-42 

60 

337,500 

DK-1+5 

55 

10,000,000 

No  Failure 

BK-44 

53 

3,156,300 

BK-1+5 

+ 

.1*3 

50 

12,702,600 

No  Failure 

GK-12 

-1.0 

1*0 

28,860 

JK-11 

35 

25,560 

GK-11 

30 

446,110 

JK-14 

28 

731,160 

GK-15 

26 

2,088,700 

JK-15 

21* 

3,511,400 

GK-lU 

-1. 

0 

21* 

10,386,000 

No  Failure 

JK-26 

+  , 

01 

60 

44,415 

JK-29 

55 

208,580 

GK-26 

50 

794,000 

JK-27 

1*5 

1,203,500 

GK-28 

+  , 

01 

1*5 

205,000 

TABLE  XXX  FATIGUE  TEST  SUMMARY  KT  =  2.76,  600°F  (Continued) 
(Grain  Direction:  Longitudinal) 


Alloy 


Ti- 8-1-1 


Ti-8-1-1 


Specimen 

Number 


GK-29 

JK-23 

JK-30 

GK-30 

GK-1+5 

GK-43 

JK-42 

JK-43 

GtC-41 

JK-4l 

GK-42 

JK-44 

GK-44 

JK-1+5 


Range 

Ratio 


Max  Stress 
Net  Area 
(ksi) 


Cycles 
To  Failure 


2, 301*, 900 
8,229,300 
4, 81*7,300 
10,292,500 

22,860 

312,750 

55,620 

176,820 

637,970 

1,136,200 

683,350 

761,000 

10,000,000 

10,000,000 


Remarks 


No  Failure 


No  Failure 
No  Failure 


Ti-6-6-2 


Ti-6-6-2 


PK-12 

MK-15 

PK-15 

T'K-11 

MK-11 

PK-13 

MK-14 

PK-14 

MK-28 

PK-26 

MK-30 

PK-28 

MK-26 

MK-27 

PK-27 

MK-29 

PK-30 

PK-29 

MK-44 

PK-43 

MK-42 

PK-41 

PK-42 

mk-4i 

MK-45 


mi 


^ 


+0.01 


+0.01 


+0.43 


+0.43 


35,520 

163,020 

417.180 
436,850 

1,080,200 

6,086,800 

15,528,000 

10,310,000 

42,282 

28,080 

239.180 
127,260 
383,220 

2,175,000 

3,586,500 

10,000,000 

10,000,000 

12,760,000 

10,800 

23,400 

356,220 

11,000 

2,397,700 

3,004,900 

2,366,200 


No  Failure 
No  Failure 


No  Failure 
No  Failure 
No  Failure 


a 


UNCLASSIFIED _ 

, _ _ security  Cussitication 

D0CUM2NT  CONTROL  DATA  •  R&D 

_ (Security  ctmtmtttcatlon  ol  IHU,  body  o  t  mbatrict  end  Indexing  ennole  lion  mull  be  inland  when  the  gym  emit  report  It  clettllltd) 

I-  ORIOINATIN  O  ACTIVITY  (Corportle  tvlhor}  2e.  NCPOHT  tECURI  TV  C  LAMIFICATION 

LOCKHEED -CALIFORNIA  COMPANY  UNCLASSIFIED 

BURBANK,  CALIFORNIA 


^DEVELOPMENT  OF  ENGINEERING  DATA  ON  TITANIUM  EXTRUSION^ 
TFOR  USE  IN  AEROSPACE  DESIGN  .  _ 


. nmi  hi  . — - - — — — — 

MMARY  TECHNICAL  REP« .  2  7  J ~u.n  3±  67* 


( At.  brocket! 
'  /f/jLwTTBRM 


7a.  TOTAL  NO,  OP  PACES  ]  7b.  NO.  OP  REPS 


13(615) -5080. 


10-  A  VA  tL  AtlLlTY/LIM!TATtON  NOTICtf 


»«.  OftltflNATOR'9  RCFORT  NUMtKftfSJ 

•  b.  OTHER  REPORT  NCfJ)  (Any  other  number*  #iat  na>  ba  etelfned 
nil  report) 


Ml-  SUPPLEMENTARY  NOTES 


1  J.  ABSTRACT 


12-  SPONSORING  MILITARY  ACTIVITY 

AIR  FORCE  MATERIALS  LABORATORY,  RPD, 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT  PATTERSON  AFB,  OHIO 


Mechanical  property  data  for  Ti6Al-4V,  Ti8Al-lMo-lV  and  Ti6Al-6v-2Sn  extrpded 
shapep  in  annealed  tempers  were  obtained  at  test  temperatures  from  -110*F  to 
+800°F  to  provide  a  base  for  development  of  design  information  for  these 
materials.  I>ta  obtained  included  ultimate  tensile  strength,  tensile  yield 
strength,  compressive  yield  strength,  shear  bearing,  impact  properties,  creep, 

ji  tress -rupture,  fatigue  and  fracture  toughness  characteristics 

^ Separate  heats  of  material  in  each  of  the  three  alloys  were  obtained  from 
separate  suppliers.  Two  section  sizes  were  obtained  from  one  of  the  suppliers 
to  provide  information  on  size  effects.  Tests  conducted  to  provide  data  insofar 
as  practicable  within  the  scope  of  this  program  on  property  variations  and  on 
scatter 


^Results  of  testing  indicate  that  with  consideration  of  effect  of  temperatures 
used  in  extrusion  processing,  extrusions  may  be  utilized  in  the  same  manner  as 
titanium  materials  produced  by  other  methods  such  as  rolling  or  forging.  Data 
obtained  generally  indicates  that  extruded  material  may  be  expected  to  have  not 
only  the  cost  advantages  which  result  from  economy  of  shape  design,  but  will 
possess  advantages  in  developed  fracture  characteristics  and  creep  characteristics 
when  compared  with  conventional  alpha -beta  processing  of  rolled  or  forged 
materials .jk 

(Distribution  of  this  abstract  is  un^tmlted) 7  *7  0) 

DD  »5aSm  1473  *  UNCIASSIFIED _ _ 

\\  \  Security  Classification  ( 


> 


UNCIASSirihX) _ 

Security  Cla»»i(ic«tloo 


t«. 


key  wonos 


LINK  A 


ROLK  |  WT 


LINK  B 


LINK  C 


TITANIUM  EXTRUSIONS 
MECHANICAL  PROPERTIES 
Ti  -6A1-4VEXTRUS  IONS 
T1-8A1-1MO-1VEXTRUSIONS 
Ti-6Al-6V-2Sn  EXTRUSIONS 


INSTRUCTIONS 

t.  ORIGINATING  ACTIVITY:  Enter  the  name  and  addreaa  imposed  by  security  classification,  using  standstd  statements 

of  the  contractor,  subcontractor,  grantee.  Department  of  De-  such  as: 

fenae  activity  or  other  organisation  ('corporate  author)  issuing  n. 

the  report,  < 


2*.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over- 
ell  security  classification  of  the  report.  Indicate  whether 
“Restricted  Data"  Is  Included.  Marking  is  to  be  In  accord¬ 
ance  with  appropriate  security  regulations. 

2b.  GROUP:  Automatic  downgrading  Is  Specified  in  DoD  Di¬ 
rective  5200. 10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ised. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  in  all  capitals  in  parenthesis 
immediately  lollowing  the  title. 

4.  DESCRIPTIVE  NOTES:  W  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHORfS):  Enter  the  n«me(s)  of  authors)  as  shown  on 
or  in  ths  report.  Entsi  last  name,  first  name,  middle  initial. 

If  military,  show  tank  and  branch  of  asrvlca.  The  name  of 
the  principel  author  is  an  absolute  minimum  requirement. 

&  REPORT  DATE:  Enter  the  date  of  the  report  at  day, 

(ho nth,  year;  or  month,  year.  If  more  than  cae  data  appears 
on  the  report,  use  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  psgs  count 
should  follow  normal  pagination  procedure*,  Le.,  enter  the 
number  of  pegee  containing  information. 

76.  NUMBER  OF  R.  FERENC ES!  Enter  the  total  number  of 
references  cited  in  the  report. 

So.  CONTRACT  OR  GRANT  NUMBER:  If  *>propri*te,  enter 
the  applicable  number  of  the  contract  or  grant  undST  which 
the  report  wee  written. 

86,  8c,  h  3d.  PROJECT  NUMBER:  Enter  the  appropriate 
solitary  department  identification,  such  os  project  number, 
eubp reject  number,  system  numbers,  task,  number,  etc. 

9a.  ORKUNATOR’S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  Identified 
and  controlled  b  •  he  originsting  activity.  This  number  must 
be  unique  to  this  .  port. 

96.  OTHER  REPL.rr  N»JMBER(S):  II  ths  report  has  bean 
assigned  any  other  report  numbers  farther  by  th a  originator 
or  by  the  sponsor),  also  enter  this  numberfs). 

10.  AVAILABEUITY/LIMITATION  NOTICES  Enter  sny  lira- 
itailons  on  further  dissemination  of  ths  report,  other  than  thouel 


“Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC” 

(2)  “Foreign  announcement  and  dissemination  of  this 
report  by  DDC  is  not  authorized." 

(3)  “U  S.  Government  agencies  may  obtuin  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  shall  request  through 


(4)  “U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  this  report  Is  controlled.  Qual¬ 
ified  DDC  users  shell  request  through 


If  the  report  has  bean  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

11  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  not  a  a. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  projact  office  or  laboratory  sponsoring  (par 
ing  tor)  the  research  and  drvelopmsnL  Include  address. 

13-  ABSTRACT:  Enter  an  abstract  giving  a  b.-iaf  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  slsswhsre  in  the  body  of  the  technical  re¬ 
port.  If  additional  apses  is  required,  a  continuation  sheet  shall 
be  attached. 

It  is  highly  dtsireble  that  the  abstract  cf  classified  reports 
be  uncUs-tfied.  Each  paragraph  of  the  abstract  shall  end  with 
an  indies  on  of  ths  military  security  classification  of  th*  in¬ 
formation  in  ths  paragraph,  represented  as  f TS>,  (3).  (O).  or  (V) 

There  is  no  limitation  on  fits  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  ISO  to  22S  words. 

14.  KEY  WORDS:  Key  words  are  technically  mssningfUl  terms 
or  short  phrases  that  characteriga  s  report  and  may  be  used  as 
index  entries  for  cataloging  ths  report.  Key  words  must  he 
selected  so  that  no  security  classification  is  required.  Identi¬ 
fier*,  such  as  equipment  model  designation,  trade  name,  military 
projact  cods  rums,  geographic  location,  may  be  used  as  key 
words  but  will  be  followed  by  an  indication  of  technical  con- 
tsxt.  Ths  assignment  of  links,  rulss,  and  wtifjtts  is  optional. 


UNCLASSIFIED 


Security  Clwai6c«tioa 


